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ABSTRACT 
 
Recovery after central nervous system (CNS) injury has long been a 
challenge for clinical investigators. Blockade of the oligodendrocyte-associated 
inhibitor Nogo-A has shown great promise in promoting neuronal regeneration, 
sprouting, and plasticity, as well as functional recovery in rodent and primate 
models of CNS injury. The high expression of Nogo-A in neurons of the postnatal 
CNS led us to look for potential roles of this protein in this stage of development. 
We hypothesized that postnatal, neuronal NogoA influences the density and 
morphology of dendritic spines in the developing CNS, in part, by regulating the 
maturation and stability of glutamatergic synaptic input. 
To examine the roles of Nogo-A at the excitatory synapse of the neocortex, 
we used RNAi directed against Nogo-A and delivered it to the developing rat 
sensorimotor cortex via AAV2/8, a neurotropic vector. This resulted in lowered 
density of dendritic spines, which are known to house over 90% of excitatory 
connections onto pyramidal neurons. This decrease was particularly evident with 
thin- and mushroom-shaped spines in dendrites of the apical arbor. A decrease in 
protrusions with moderately-wide head widths and very long necks was also 
noted.  We then used vesicular glutamate transporter 1 (vGlut1) as a marker for 
potential excitatory synapses.  Knocking down Nogo-A in postnatal pyramidal 
neurons of the sensorimotor cortex led to a decrease in the number of vGlut1 
xviii 
puncta identifying a potential presynaptic partner, in opposition to the apical 
dendritic shaft.  The decreased vGlut1 in the apical arbor likely represents a loss 
of potential synapses that may have a strong influence on direct current injected 
into the dendrite.   
We further examined regions of transduced cortex via qRT-PCR for 
message levels of molecules important for plasticity at the excitatory synapse, 
including Neuroligin-1, NMDA receptor subunits NR2A and NR2B, and PSD-95.  
We found that mRNA of Neuroligin-1 and NR2B was substantially reduced, with 
no changes to NR2A or PSD-95 expression. These results suggest that neuronal 
Nogo-A may act to maintain elements of the neocortical excitatory synapse 
during development.  This finding represents a novel role for Nogo-A in the intact 
CNS. 
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CHAPTER ONE 
OVERVIEW AND HYPOTHESIS 
 
Recovery after brain and spinal cord injury has long been a challenge for 
clinical researchers.  Neurons in the adult brain and spinal cord cannot grow 
more than a millimeter past a lesion site without aid.  We now know that the 
environment in the injured brain and spinal cord prevents axonal regrowth and 
plasticity.   This environment is formed by astroglial scarring, chondroitin sulfate 
proteoglycans, and oligodendrocyte-associated inhibitory proteins (Gonzenbach 
and Schwab, 2008).  One of these inhibitory proteins, the first to be discovered, 
and the focus of work in our laboratory, is Nogo-A (Caroni and Schwab, 1988).   
Thus far, therapies directed against Nogo-A have shown the most promise 
in in vivo studies that use animal models of spinal cord injury and stroke.  Over 
the last twenty years, blockade of the Nogo-A protein has consistently resulted in 
neuronal regeneration, sprouting, and plasticity, as well as functional recovery in 
animal models of injury (Gonzenbach and Schwab, 2008).  Today, Phase II 
clinical trials are underway to examine the potential of the anti-Nogo-A antibody 
as a treatment for spinal cord injury (Zorner and Schwab, 2010). An estimated 
250,000 Americans are currently disabled by spinal cord injury, and there is no 
current treatment available.  Anti-Nogo-A immunotherapy may also aid in 
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enhancing neuroplasticity in people suffering from other injury-induced 
neurological conditions, including stroke.   
Despite these advances in preclinical and clinical studies, there 
is a prevailing deficit in our understanding of the normal 
physiological roles of Nogo-A in the intact central nervous system, 
and specifically in neurons.  A few reports suggest Nogo-A signaling 
stabilizes synapses in the intact central nervous system (CNS) (Chivatakarn et al., 
2007; Mingorance-Le Meur et al., 2007; Lee et al., 2008), including neuronal 
Nogo-A (Aloy et al., 2006), though  the influence of neuronal Nogo-A at the 
neocortical excitatory synaptic phenotype has yet to be investigated.  This 
dissertation will focus on three different properties that comprise the normal 
synaptic phenotype: dendritic spines, molecules that are key for normal synaptic 
function, and potential presynaptic sites opposing dendritic spines and dendrites.  
We will study the effect of Nogo-A on these properties by altering the amount of 
Nogo-A in excitatory neurons in the neocortex of normal post-natal rats. 
 
HYPOTHESIS  
Postnatal expression of neuronal NogoA influences the density and 
morphology of dendritic spines in the developing CNS, in part, by 
regulating the maturation and stability of glutamatergic synaptic 
input. 
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Specific Aim 1.  To determine whether knockdown of neuronal Nogo-
A in postnatal development will alter spine density and influence 
spine morphology in neocortical pyramidal neurons.  Changes in 
dendritic spine density and morphology serve as an indicator of broad changes in 
cognitive capacity, both directly, in terms of excitatory postsynaptic potential 
(EPSP) processing and calcium buffering, and indirectly, as a predictive correlate 
of general cognitive functioning and environmental enrichment.  To examine 
these parameters, anesthetized neonatal, male rat pups will receive intracerebral 
injections of AAV expressing enhanced green flurorescent protein (EGFP) and 
short hairpin siRNA (shRNA) directed against Nogo-A (shNogo).  At nine weeks 
of age, rats will be sacrificed and dendritic spines will be visualized by confocal 
laser scanning microscopy.  Control rats will receive AAV encoding EGFP only. 
 
Specific Aim 2.  To determine whether knockdown of neuronal Nogo-
A in postnatal development will alter the message levels of mature 
excitatory synaptic markers.  The candidate genes to be analyzed are key 
mediators of synaptic functioning and include Postsynaptic density-95 (PSD-95), 
N-Methyl-D-Aspartate (NMDA) receptor subunits NR2A and NR2B, Neuroligin-
1, and Cofilin.  The quantity of these molecules has been shown previously to 
change in response to synaptic alterations or changes in Nogo-A levels.  Adult 
rats that have been neonatally injected with AAV will be sacrificed and 
microdissected regions of sensorimotor cortex analyzed via quantitative reverse-
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transcriptase polymerase chain reaction (qRT-PCR) to determine the relative fold 
changes in mRNA levels of candidate genes.   
 
Specific Aim 3.  To determine whether knockdown of neuronal Nogo-
A in postnatal development will alter the number of potential 
excitatory presynaptic sites opposing EGFP-filled dendrites. This direct 
study of the molecules that synapse onto transfected neurons will allow for an 
examination of presynaptic changes and an approximation of the number of 
spines that contain synapses.  Adult rats that had been neonatally injected with 
AAV will be sacrificed, and the density of vesicular glutamate transporter 1 
(vGlut1)-immunopositive puncta will be determined in dendrites of the 
sensorimotor cortex.
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CHAPTER TWO 
REVIEW OF LITERATURE 
 
NOGO-A 
Introduction 
 The CNS environment has long been understood to be inhibitory to 
regeneration after injury (Aguayo et al., 1981; Richardson et al., 1984), and 
myelin comprises a large part of that inhibitory environment (Schwab and 
Caroni, 1988).  The Nogo-A protein was the first of these myelin-associated 
inhibitory molecules to be isolated, when components of CNS myelin were 
separated by polyacrylamide gel electrophoresis; fractions were cut from the gel 
and used to generate hybridoma cells that secreted antibodies that would bind to  
molecules within the gel fraction (Caroni and Schwab, 1988).  Antibodies against 
one fraction in particular, named IN-1, neutralized neurite inhibition over myelin 
substrates in vitro and facilitated regeneration and recovery after CNS injury in 
vivo (Caroni and Schwab, 1988; Bandtlow et al., 1990; Rubin et al., 1994; Guest 
et al., 1997; Papadopoulos et al., 2002).  The protein that IN-1 was directed 
against was eventually purified, sequenced, and named Nogo-A (Chen et al., 
2000). 
In vitro studies have shown that Nogo-A destabilizes growth cones and 
inhibits cell spreading and migration (Oertle et al., 2003).  Cells that are able to 
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migrate through the CNS, such as stem cells, also degrade myelin-associated 
inhibitors (Wright et al., 2007).  In the case of migrating tumor cells, this 
degradation is accomplished by means of a matrix-metalloprotease (Paganetti et 
al., 1988; Belien et al., 1999).   
 Antibody treatment against Nogo-A has been shown effective after animal 
models of CNS injury in a battery of behavioral sensory tests, motor tasks, reflex 
responses, and anatomical studies by several independent laboratories 
(Gonzenbach and Schwab, 2008).  IN-1 immunotherapy has led to axonal 
regeneration in rodent and primate models of spinal cord injury via hemisection 
(Brosamle et al., 2000; Fouad et al., 2004).  Axonal sprouting has been observed 
following cortical aspiration lesions and IN-1 administration, as evidenced by 
anatomical and electrophysiological studies (Bareyre et al., 2002; Emerick et al., 
2003).   IN-1 treatment has also led to axonal sprouting as well as improved 
sensory and motor function in rat pyramidotomy and stroke models of CNS 
injury (Thallmair et al., 1998; Seymour et al., 2005).   
In addition to IN-1, other purified antibodies have also been raised against 
Nogo-A and found efficacious in treatment of CNS injury models.  Application of 
11C7 antibody has resulted in functional recovery and regeneration in primate 
models of spinal cord injury (Freund et al., 2006), and recovery when 
administered up to two months after occlusive stroke in rats (Tsai et al., 2010).  
Use of the 7B12 antibody after photothrombotic and occlusive stroke in rats has 
led to behavioral recovery and another mechanism of repair, neuroplasticity 
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(Wiessner et al., 2003; Markus et al., 2005).  Administration of any of the three 
anti-Nogo-A antibodies (IN-1, 11C7, or 7B12) has led to neuroplastic sprouting 
and improved cognitive recovery from a rodent model of contralateral neglect 
(Brenneman et al., 2008).  As defined in this dissertation, neuroplasticity after 
injury involves the recruitment of spared neurons to the denervated regions, 
whereas regeneration is the regrowth of injured axons to their previous target.   
 
Axon guidance 
 Nogo-A is one of many axon guidance molecules in the CNS.  Several of 
these molecules, such as Netrins, Slits, and Semaphorins aid in developmental 
pathfinding. These molecules increase the efficiency and accuracy with which 
axons locate their synaptic targets (Hong et al., 1999; Galko and Tessier-Lavigne, 
2000; Polleux et al., 2000; Whitford et al., 2002). To accomplish this, these 
molecules have rigid expression patterns at specific stages of development.  For 
example, the Slit receptors, named Robo1-3, are expressed on corticospinal tract 
(CST) axons in the dorsal funiculus of the spinal cord from E14 to P4, on axons 
during CNS midline crossing, with expression levels peaking after decussation 
(Sabatier et al., 2004; Sundaresan et al., 2004).  Expression patterns of many of 
these molecules differ between development and adulthood, forming another 
obstacle to repair after CNS deafferentation (Harel and Strittmatter, 2006). 
 Another class of axon guidance molecules was characterized in the adult 
nervous system as myelin-associated inhibitors of axonal outgrowth.  These 
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molecules include myelin-associated glycoprotein (MAG), oligodendrocyte-
myelin glycoprotein (OMgp), EphrinB3, and  Nogo-A (Mukhopadhyay et al., 
1994; Chen et al., 2000; Wang et al., 2002a; Benson et al., 2005).   
To date, therapies directed against all of these molecules have been 
examined for treatment of CNS axonal injury.  Though anti-Nogo-A 
immunotherapy has shown the most promise in animal models of brain and 
spinal cord injury, these molecules do work in concert, and ultimately a 
combination therapy may lead to the most efficacious recovery from CNS 
damage.   
Interestingly, several molecules known to repel axons have also been 
shown to enhance dendritic plasticity, through various mechanisms specific to 
different receptor-ligand systems (Polleux et al., 2000; Whitford et al., 2002; 
Morita et al., 2006; Rodenas-Ruano et al., 2006; Aoto et al., 2007; Zagrebelsky et 
al., 2010).  It is possible that future advances in the field of Nogo-A receptor-
ligand signaling may show Nogo-A to function similarly. 
 
Nogo-A is a member of the Reticulon family 
The protein Nogo-A is a member of the reticulon 4 subfamily.  This 
subfamily has three members, named Nogo-A, -B, and -C.  All three isoforms 
share the Nogo-A c-terminal structure of 188 amino acids, known as the reticulon 
homology domain, which contains a 66 amino-acid sequence known as Nogo-66 
(Oertle et al., 2003).  Nogo-A, -B, and -C each contain N-termini of decreasing 
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length, so that Nogo-A has the longest N-terminus, with over 800 amino acids.  
Nogo-A and B are both found in the CNS and, to a lesser extent, in the peripheral 
nervous system (PNS).  Nogo-B is also found in blood vessels, where it promotes 
vascular cell adhesion and migration of endothelial cells during vascular 
remodeling events (Acevedo et al., 2004; Miao et al., 2006; Kritz et al., 2008).  
Nogo-C is primarily found in skeletal muscle (Oertle and Schwab, 2003).   
 The reticulons are an evolutionarily conserved family containing a 
characteristic endoplasmic reticulum (ER) retention sequence.  Members of this 
family have roles in exocytosis (Steiner et al., 2004) and cellular stress response 
(Tagami et al., 2000; Kuang et al., 2006; Wan et al., 2007; Wojcik et al., 2007).  
The majority of Nogo-A molecules present in a cell are found within the ER 
(Voeltz et al., 2006).  
The N and C-termini of Nogo-A have been shown to be highly 
unstructured, possibly existing in different membrane topologies, as shown by 
bioinformatics (Li and Song, 2007) and immunohistochemistry (Oertle et al., 
2003; Dodd et al., 2005).  As many as 30-60% of eukaryotic proteins may have 
long, disordered regions (Ward et al., 2004; Tompa et al., 2006; Li and Song, 
2007).  This has led to the speculation that different Nogo-A structures, taken 
together, may permit ―functional moonlighting‖ within the same cell, i.e. shaping 
ER and inhibiting neurite outgrowth  (Li and Song, 2007).  Nogo-A and –B may 
house SH2, SH3, and PDZ domains in their N-termini, potentially allowing 
Nogo-A to mediate downstream signaling, similar to the bidirectional signaling 
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reported between ephrins and Eph ―receptors‖ (Rodenas-Ruano et al., 2006; Li 
and Song, 2007).  
 
 Nogo-A Receptors 
 The Nogo-66 region, found in all three Nogo isoforms, can bind to the 
Nogo receptor (NgR1) (Fournier et al., 2001), as can MAG and OMgp.  A portion 
of the Nogo-A N-terminus also binds NgR1 with high affinity and has been 
postulated to modulate Nogo-66 binding and subsequent downstream signaling 
in an agonistic fashion (Fig. 1) (Hu et al., 2005).  NgR1 has no intracellular 
component, and must signal through a multisubunit complex with p75 or Lingo-1 
to activate RhoA, which in turn leads to activation of RhoA associated kinase 
(ROCK), and increase cytoskeleton contractility through Myosin II (Fig. 1) 
(Bandtlow et al., 1993; Loschinger et al., 1997; Schweigreiter et al., 2004; 
Sivasankaran et al., 2004; Lowery and Van Vactor, 2009).  Studies in dorsal root 
ganglion and SH-SY5Y cells have shown Nogo-NgR1 signaling can be suppressed 
by NgR1 phosphorylation (Fig. 1) (Atwal et al., 2008).  Animals that have had 
PirB genetically deleted show delayed closure of the ocular dominance critical 
period (Syken et al., 2006), similar to NgR1 and Nogo-A/B knockout mice 
(McGee et al., 2005).  PirB knockout mice also display normal baseline long-term 
potentiation (LTP), as do NgR1 knockout and PirB/NgR1 double knockout mice  
11 
 
 
Figure 1.  Nogo-A signaling events.  Activated forms of molecules are shown 
in black, inactive forms shown in grey.  For details, see text.  Inset: Domains for 
Nogo-A/B/C.  For list of abbreviations, see page xiv.  Modified from (Lowery and 
Van Vactor, 2009; Schwab, 2010).  
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(Lee et al., 2008; Raiker et al., 2010) .  There is some evidence suggesting PirB 
may mediate OMgp signaling in the hippocampus, but the efficacy of PirB 
signaling in the neocortex may be impaired by its low expression in this region 
(Raiker et al., 2010). 
Blockade of NgR1 does not eliminate myelin inhibition of neurite 
outgrowth (Kim et al., 2004).  Furthermore, the Nogo-66 loop that binds NgR1 is 
also present in Nogo-B, which Nogo-A immunotherapy does not target.  Finally 
studies using directed mutations have shown the N-terminal region of Nogo-A is 
a more potent inhibitory region than the Nogo-66 loop (Chen et al., 2000; 
Fournier et al., 2001; Oertle et al., 2003; Hu et al., 2005; Gonzenbach and 
Schwab, 2008), indicating that at least one other un-identified receptor or 
subunit may inhibit axonal outgrowth and cell spreading (Fig. 1).  The Amino-
Nogo receptor may also inhibit neurite outgrowth by transactivating Epidermal 
growth factor receptor (EGFR) in a calcium-dependent manner, although 
treatment with EGF or heparin-bound EGF failed to affect outgrowth (Koprivica 
et al., 2005) (Fig. 1).   
 To a limited extent, the N-terminal region of Nogo-A can achieve these 
results by signaling through integrins α3, α4, α5, or β3 (Hu and Strittmatter, 
2008).  This interaction has either a weak binding affinity, or requires indirect 
binding aided by fibronectin or other non-integrin cell surface receptors.  The 
molecules implicated in the NogoA-NgR1 and integrin pathways have been 
studied within the context of the axonal growth cone.  Although these presynaptic 
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molecules and their downstream mediators are known to affect spine density, 
morphology, and the actin cytoskeleton (Gerrow and El-Husseini, 2006; Shi and 
Ethell, 2006; Webb et al., 2007; Cingolani and Goda, 2008; Carlson et al., 2010), 
no published reports exist to date that specifically investigate Nogo-A-integrin 
signaling or downstream NgR1 messengers through the context of Nogo-A 
signaling at the spine or synapse.  G protein-coupled receptor 50 (GPR50), a 
recently characterized protein, has recently become another candidate for an N-
terminal specific Nogo-A receptor (Grunewald et al., 2009).   
         
Nogo-A at the Synapse 
 A few published reports suggest involvement of Nogo-A at synapses and in 
development.  Nogo-A is localized at pre- and post-synaptic terminals (Lee et al., 
2008; Grunewald et al., 2009; Raiker et al., 2010).   Loss of Nogo-A has also been 
shown to increase neocortical branching, hasten neurite polarization in vitro, and 
delay migration of cortical interneurons in vivo (Mingorance-Le Meur et al., 
2007).  Functionally, Nogo-A/B and NgR1 knockout mice have both shown an 
extension of the visual critical period in development, as shown by ocular 
dominance testing (McGee et al., 2005).  Nogo-A has been shown to have a 
stabilizing effect on dendritic structure of hippocampal pyramidal neurons 
(Zagrebelsky et al., 2010; Delekate et al., 2011).      
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 Inhibitory synapses in the cerebellum in vivo have been shown to decrease 
in density in response to Nogo-A (Aloy et al., 2006), though interestingly, this 
change was observed after overexpressing levels of Nogo-A protein postnatally in 
Purkinje neurons of the cerebellum.  Purkinje cells showed abnormal synapse 
morphology and decreased number of axonal contacts onto deep cerebellar nuclei 
(Aloy et al., 2006).  These effects may be due to downregulation of synaptic 
anchoring molecules (Aloy et al., 2006).   
 NgR1 knockout mice have shown decreased FGF-induced neurite 
branching in vitro, enhanced FGF2-dependent long-term potentiation, decreased 
hippocampal long-term depression, and altered spine morphologies in vivo (Lee 
et al., 2008).  Specifically, neurons from the hippocampal CA1 region in the NgR1 
knockout mice displayed a decrease in mushroom and thin spines and an 
increase in stubby spines, but no change in total spine density (Lee et al., 2008).  
This same laboratory recently showed that Brain-derived neurotrophic factor 
(BDNF) activation of the pAKT/mTOR pathway may be inhibited by Nogo-66 
(Raiker et al., 2010).  Other laboratories also showed that the actions of BDNF 
can be opposed by Nogo signaling (Endo et al., 2007; Chytrova et al., 2008).  
Neurotrophins can also override the inhibitory effects of Nogo on neurite 
outgrowth by cAMP-PKA-CREB mediated mechanism (Hannila and Filbin, 
2008; Joset et al., 2010).  These findings have led to the hypothesis that Nogo-A 
signaling works in equilibrium with growth factors to fine tune the crucial 
process of use-dependent neuronal plasticity.    
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Neocortical Expression of Nogo-A 
 Throughout all stages of development, Nogo-A is expressed on 
oligodendrocytes (Huber et al., 2002).  Nogo-A is also present in embryonic 
development within radial glia and at the leading process of migrating neurons 
(Mingorance-Le Meur et al., 2007).  Human embryos also express Nogo-A in 
postmitotic cells of the cortical plate (Al Halabiah et al., 2005).  Expression in the 
white matter decreases after early postnatal development, though protein 
expression persists in pyramidal neurons of the adult neocortex, in both humans 
and rats (Buss et al., 2005; Cheatwood et al., 2008).  Within these neurons, 
Nogo-A is present in postsynaptic sites in dendrites and spines of cortical 
neurons (Pradhan, 2007; Grunewald et al., 2009).   
 
DENDRITIC SPINES 
 Dendritic spines house the majority of excitatory inputs onto pyramidal 
neurons (Gray, 1959).  Spines act as individual compartments on the dendrite, 
buffering calcium dynamics and regulating electrophysiological and molecular 
signaling.  Long-term potentiation (LTP), a form of memory on the cellular level, 
has been shown to induce actin to change spine shape, increasing the width of the 
spine head and decreasing the length of the spine neck.  At the same time, the 
concentration of glutamate receptors increases in the postsynaptic density (Yuste 
and Bonhoeffer, 2001).   
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 Spine density per length of dendrite and individual spine morphology have 
been shown to change in response to development, environmental changes such 
as enrichment or hibernation, usage and experience, and hormones (Popov et al., 
1992).  At the same time, large spines have been shown to change very little, and 
sometimes not at all throughout the adult life of an animal (Grutzendler et al., 
2002).  Various forms of developmental disability, such as Down‘s syndrome and 
Fragile X syndrome (Dierssen and Ramakers, 2006), are associated with deficits 
in spine density and with an increased number of filopodial protrusions (Fig. 2) 
on pyramidal neurons of the neocortex and hippocampus.   
 Several theories exist with regards to formation of new spines.   The first 
holds that after repeated exposure to an LTP-inducing stimulus, over a period of 
hours the spine head can form a second synapse on an axon, and this second 
synapse may in turn lead to the formation of another spine (Segal, 2005).  This 
conjecture is not without controversy, as synapses onto bifurcated spines are 
rarely from the same neuron (Fiala et al., 2002b).  A second mechanism for new 
spine development is that spines may arise from synapses onto the dendritic 
shaft (Fiala et al., 1998; Ethell and Pasquale, 2005). A third possibility is that 
filopodial extensions probe the environment for molecular signals resulting from 
changes in neurotransmitter release, and then form synapses with active axon 
terminals (Holtmaat et al., 2006; Nagerl et al., 2007).       
 The question of whether changes in spine morphology are a direct or 
indirect cause of plasticity is another area of scientific debate.  There is no   
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Figure 2. Common morphologies of dendritic protrusions.  (A) Shown 
from top to bottom is an idealized filopodium, stubby, thin, mushroom, and 
bifurcated spine.  Classification is based on the relationship of the spine head to 
the neck diameter, adapted from (Lippman and Dunaevsky, 2005) (B)  
Representative EGFP-filled dendritic segment with spine morphologies, from 
AAV-transduced tissue imaged at 63x magnification on laser scanning confocal 
microscope.  Note that filopodia were not counted as spines, and that spine 
morphology is truly a continuum. The categories shown here are used to 
generalize the differences between spines.   
B A 
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question that the shape of a spine will affect its function by controlling current, 
calcium dynamics, and by filtering membrane potential.  Larger spines inject 
larger currents into the dendrite, thereby affecting downstream signal processing 
(Matsuzaki et al., 2004).  Also, the length of the spine neck controls calcium 
diffusion from spines and electrically filters postsynaptic potential (Yuste, 2010).   
However, the environmental and developmental conditions known to affect spine 
density listed above are likely to also lead to wide-scale changes in synaptic 
plasticity.  The same endocytic machinery that controls the amount of membrane 
at the postsynaptic site is also essential for insertion of proteins such as AMPA 
receptors into the postsynaptic density  (PSD) (Wang et al., 2008).  The 
concentration of AMPA receptors is a known requirement of synaptic maturation 
(Nusser et al., 1998).  It is possible that spines act as diffuse computational 
devices, endowing circuits with the ability to perform Boolean logic, but at the 
very least the density and morphology of spines can serve as an indicator of 
general synaptic function. 
 
POSTSYNAPTIC MOLECULES IMPORTANT FOR SYNAPTIC 
FUNCTION 
 PSD-95 is localized to active synapses and serves to anchor many key 
elements of synaptic transmission, including glutamate receptors and the actin 
cytoskeleton (Blanpied et al., 2008; Chen et al., 2008).  Also known as DLG4, it is 
considered an excitatory synaptic marker.   
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 The NMDA receptor is a type of ionotropic glutamate receptor whose 
participation in the post-synaptic density substantially regulates synaptic 
plasticity, including LTP.  NMDA receptors have the highest calcium permeability 
of all glutamate receptors, but they require voltage-activation to remove a 
magnesium block of the ion channel.  The channel will only open at a synapse 
that has recently received an excitatory post-synaptic potential, making the 
NMDA receptor a molecular coincidence detector and allowing for a kind of 
computation in the postsynaptic neuron (Yuste, 2010). 
 The regulation of NMDA receptor channel activity occurs through widely 
varied means, suggesting that this receptor has a significant role in information 
processing.  The complexity of this regulation includes, but is not limited to, 
magnesium blockade, localization to synaptic or extrasynaptic sites, 
phosphorylation by molecules such as Ca2+/calmodulin-dependent protein 
kinase 2 (CamIIK), and expression of different subunits.  There are five NMDA 
receptor subunits: NR1, NR2A, NR2B, NR2C, and NR2D.  Changes in NR2 
subunit expression levels have been reported in the developmental maturation of 
synapses in the thalamus, somatosensory cortex, and cerebellar granule neurons 
(Liu et al., 2004; Fu et al., 2005).  For example, from the peak to the closure of 
the visual cortex critical period, the expression of NR2A predominates over NR2B 
(Cho et al., 2009).  Activity or deprivation-induced plasticity in adulthood has 
also been linked to expression levels of these subunits (Yashiro and Philpot, 
2008; Corson et al., 2009).   
20 
 
 Neuroligins are postsynaptic anchoring molecules that help maintain the 
synaptic cleft through the presynaptic binding to presynaptic Neurexins.  Many 
such pairs of adhesion molecules collectively maintain the synaptic cleft, much 
like the many weak interactions that hold two pieces of Velcro together.  
Additionally, Neuroligins have demonstrated transsynaptic control of vesicular 
release via Neurexins (Wittenmayer et al., 2009; Stan et al., 2010).  For example, 
Neuroligin-1, which is enriched at excitatory synapses, may control presynaptic 
vesicle release via β-Neurexin‘s links to Munc18 via Cask-Mint1 interactions 
(Futai et al., 2007).   
 Altered Neuroligin-1 expression in rodents has been linked to changes in 
LTP, short-term plasticity, spatial memory, fear memory and social behavior 
(Futai et al., 2007; Kim et al., 2008; Blundell et al., 2010; Dahlhaus and El-
Husseini, 2010; Dahlhaus et al., 2010), probably due to Neuroligin-1‘s ability to 
expedite activity- and growth factor-mediated synaptogenesis (Nam and Chen, 
2005; Xu et al., 2010).  Expression levels of Neuroligin-1 have also been shown to 
directly affect the ratio of excitatory to inhibitory synapses; similar effects have 
been produced with altered levels of PSD-95 (Gerrow et al., 2006; Dahlhaus et 
al., 2010; Levinson et al., 2010).  This role in the specification of synapses is 
largely thought to be mediated by interaction between Neuroligin-1 and PSD-95—
or gephryn, in the case of Neuroligin-2—(Chubykin et al., 2007; Barrow et al., 
2009; Levinson et al., 2010).  Neuroligin-2, which is concentrated in inhibitory 
synapses (Graf et al., 2004; Varoqueaux et al., 2004), is one of the synaptic 
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markers that displayed downregulation in cerebellar Purkinje neurons that 
overexpressed Nogo-A (Aloy et al., 2006).   
 
RNA INTERFERENCE 
 RNA interference (RNAi) suppresses or degrades RNA transcripts, thereby 
hindering production of the encoded proteins.  RNAi allows for higher levels of 
regulation in producing the vast amount of differentiation seen in the adult.  The 
study of endogenous RNAi has expanded in recent years, and the molecules have 
been found to have major roles in nervous system disorders and development.  
Various neurological conditions are linked to disruption of RNAi machinery, 
including Tourette‘s syndrome, various brain tumors, and the alterations in spine 
development and Fragile X mental retardation protein (FMRP) function in fragile 
X syndrome (Jin et al., 2004; Abelson et al., 2005; Chen and Stallings, 2007; 
Corsten et al., 2007).  In development, RNAi regulates neural patterning, 
outgrowth, spine development, apoptosis, circadian rhythms, lineage 
differentiation, and proliferation (Schratt et al., 2006; Krichevsky, 2007; 
Visvanathan et al., 2007).  RNAi can suppress alternate mRNA splice variants.  
For example, downstream effectors of the MicroRNA (miRNA) miR-124 can 
suppress non-neuronal genes expression and activate neuronal gene 
transcription, including their splice variants, through an intricate negative 
feedback cycle (Visvanathan et al., 2007; Makeyev and Maniatis, 2008). 
22 
 
 The RNAi process is evolutionarily conserved across kingdoms, and has 
been documented in animals, plants, and, to a limited extent, fungi (Saumet and 
Lecellier, 2006).  RNAi has two primary roles in the cell, as a defense mechanism 
against viruses, and as a means of post-transcription gene regulation, where a cell 
can transcribe both a message and a means to break down that message.  In 
keeping with these two well-documented functions of RNAi, there are several 
methods by which RNAi may work, including nonspecific degradation of all 
mRNAs (Sledz and Williams, 2004).  Most often, researchers use RNAi to silence 
the transcripts of one specific gene via short RNA duplexes.   
 
RNAi Machinery 
 As seen in Figure 3, the first step of the RNAi pathway involves 
transcription from DNA of pri-miRNA, a stem-loop structure typically flanked by 
nucleotides of varying lengths.  These flanking nucleotides on the pri-miRNA are 
cleaved at the stem-loop in the microprocessor complex by the enzyme Drosha, to 
form a hairpin structure of ~70 nucleotide (nt), known as pre-micro-RNA (pre-
miRNA).  Pre-miRNA can be shuttled out of the nucleus via exportin-5-RANGTP 
(Rana, 2007).   Once released into the cytoplasm, the enzyme Dicer can further 
process pre-miRNA into a 22nt duplex structure known as mature miRNA.  This 
cleavage by Dicer leaves a 2nt overhang at the 3‘ end and a phosphate group at 
the 5‘ end (Kim et al., 2005).  Mature miRNA is unwound by RNA-induced 
silencing complex (RISC) at the end of the duplex with the lowest thermodynamic  
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Figure 3.  Endogenous intracellular RNAi pathway and tools that can 
utilize it for therapeutic purposes or to study neuronal function.  Modified from 
(Davidson and Boudreau, 2007). 
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stability, typically the end with the highest A-T to G-C ratio (Khvorova et al., 
2003).  The 3‘ strand at this end is degraded, while the 5‘ strand is irreversibly 
bound to RISC, where it can then bind complementary segments of mRNA.  If the 
strand is a perfect match, Dicer then cleaves the message strand into 23nt 
segments.  These segments are recognized by cellular nucleases and further 
cleaved into individual nucleotides and, in so doing, prevent protein synthesis 
(Davidson and Boudreau, 2007).   
By leaving the miRNA strand intact and irreversibly bound to Dicer, a 
single miRNA duplex can inhibit protein synthesis of numerous mRNA 
transcripts.  RISC-miRNA complexes can sometimes be passed down to progeny  
cells and even germline cells (Carmell et al., 2003).  This amplification can ideally 
silence a large proportion of message copies, and the protein is considered 
‗knocked down‘.  mRNA strands with a small number (less than three) of 
imperfect matches have been documented to bind the complimentary strand in 
the RISC but are usually not cleaved (Bagga et al., 2005).  In this instance, the 
miRNA-RISC can bind a single copy of the message, thereby halting access to 
ribosomes.  However, if the cell has other copies of the same mRNA, then these 
messages are still available for protein synthesis.  When this occurs, the message 
is termed repressed, but not silenced.   
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Synthetic RNAi as a Tool for Neuroscientists 
RNAi is frequently used in neuroscience and other fields as a technique to 
study effects of proteins, and as gene therapy, aiming to suppress proteins that 
cause or exacerbate diseases.  Synthetically introduced pri-miRNA, pre-miRNA, 
or miRNA duplexes are referred to as artificial miRNA, short hairpin (shRNA), or 
short interfering (siRNA) RNA duplexes, respectively.  These exogenous forms of 
RNAi can utilize the same machinery as mature miRNA, though they may require 
modification to achieve efficacy, either by design or by the cells transfected.  For 
example, chemically synthesized siRNA duplexes are capable of undergoing 
phosphorylation by cellular enzymes at the 5‘end (Rana, 2007).  However, the 
cell has no machinery to form the 2nt overhang at the 3‘end.  This change must 
be introduced in the design of the siRNA.  The overhang is not required for 
silencing but aids incorporation into the RISC, and usually results in higher 
knockdown efficacy (Kim et al., 2005; Marques et al., 2006; Rana, 2007).    
 The neuroscience community has capitalized on RNAi applications in 
many ways, using the technique to study effects of specific genes (Shalizi et al., 
2006) and gene therapy studies for inherited neurological conditions (Cearley 
and Wolfe, 2007; Denovan-Wright et al., 2008).  Therapeutic RNAi studies have 
been performed in rodent models of Huntington‘s disease, lipid storage diseases, 
Alzheimer‘s disease, and amyotrophic lateral sclerosis, amongst others (Xia et al., 
2004; Harper et al., 2005; Rodriguez-Lebron et al., 2005; Denovan-Wright et al., 
2008).  With several phase I and II clinical trials investigating siRNA in 
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neuroscience-related applications, such as macular degeneration (Cearley and 
Wolfe, 2007; Denovan-Wright et al., 2008), RNAi remains a possibility in the 
field of genetic therapy.   
Another prominent application includes the knockdown of specific genes 
to study their functions.  For example, those interested in identifying various 
regulators of dendritic spine development and maintenance have utilized RNAi to 
identify many cytoskeleton effectors necessary for those roles, such as the Rac1 
GEF Tiam1 (Tolias et al., 2007), p190 RhoGAP and Rho GTPase (Zhang and 
Macara, 2008), drebrin and Ras (Biou et al., 2008), Arf GAP centurin alpha1 
(Moore et al., 2007), ARF6 and EFA6A (Choi et al., 2006), the synaptic adaptor 
protein GIT1 (Zhang et al., 2005), and the PKC target MARCKS (Calabrese and 
Halpain, 2005).  The Sabatini group found that activation of the interferon 
response can decrease spine density and length (Alvarez et al., 2006).  On the 
other hand, loss of RNAi machinery itself has been found to result in abnormally 
long dendritic spines, up to 12 microns in length (Davis et al., 2008).  This 
suggests that the endogenous miRNA pathway and gene-specific knockdown are 
critical for normal spine maintenance.  
Predicting efficacy of siRNA sequences can be complicated.  Different 
segments of a single mRNA transcript will have different accessibility to siRNA 
sequences, due to attached proteins or mRNA folding into secondary or tertiary 
structures (Brown et al., 2005; Westerhout and Berkhout, 2007).  This has led to 
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the common practice of screening different siRNA sequences in vitro to identify a 
sequence with optimal knockdown efficiency (Overhoff et al., 2005).     
A considerable caveat when using siRNA as a tool to investigate protein 
function involves potential changes to activation states of off-target genes, which 
include any gene other than those intended for knockdown.  Experimental 
interpretation can be confounded by suppression of unintended genes due to 
sequence homology.  siRNA can also induce expression of off-target genes 
through the interferon cascade, in a dose-dependent manner (Persengiev et al., 
2004; Judge et al., 2005).   Other off-target effects can be induced by detection of 
double stranded (ds) RNA, either by the PKR or 2,5-oligoadenylate synthetase 
pathways.  Both of these latter enzymes can suppress transcription while 
simultaneously activating genes such those of the interferon pathway, the first 
line of viral defense in a host cell (Dong and Silverman, 1997; Sledz et al., 2003).  
Segments of dsRNA over 33nt long can activate an enzyme known as ds-RNA-
dependent protein kinase (PKR) (Manche et al., 1992).  Once active, PKR can 
then phosphorylate eIF2, prohibiting methionine-tRNA from binding to 
ribosomes and, as a result, globally inhibit all protein production (Zamanian-
Daryoush et al., 1999).   
Interferons are a family of cytokines that can activate immune cells such as 
macrophages, promote immunity against viruses in nearby cells, and influence 
cellular proliferation and apoptosis.  Interferons transduce signals through 
receptors at the cell surface and on endosomes, using the Janus Kinase-Signal 
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Transducer and Activator of Transcription (JAK-STAT) pathway of transcription 
factors to induce changes in at least 300 genes (Der et al., 1998).  Interferon 
activity can be measured by a variety of methods, including systemic cytokine 
levels, microarrays, proteomics, and, in the CNS, microglia activation.  General 
rules of thumb have been elucidated for specific structures and sequences that 
tend to be more predisposed to set off the Interferon response than others 
(Birmingham et al., 2006).  For example, siRNA sequences of over 23nt have 
been shown to induce the Interferon response more than shorter siRNAs 
(Hornung et al., 2005).  It has also been reported that blunt-ended structures 
were worse than structures with 2nt 3‘ overhangs (Marques et al., 2006), which 
Dicer-mediated cleavages normally produce.  siRNA duplexes with weak 
thermodynamic strand preference double the risk of these events by allowing 
RISC to unwind both strands with equal ease (Khvorova et al., 2003). 
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CHAPTER THREE 
POSTNATAL KNOCKDOWN OF NEURONAL NOGO-A LEADS TO A 
DECREASE IN APICAL DENDRITIC SPINE DENSITY  
IN THE NEOCORTEX 
 
 
ABSTRACT 
The myelin-associated protein Nogo-A is a well-known inhibitor of axonal 
regeneration and compensatory plasticity, yet functions of neuronal Nogo-A are 
not as clear. The present study examined the effects of decreased levels of 
neuronal Nogo-A on dendritic spines of developing neocortical neurons. 
Decreased Nogo-A levels in these neurons resulted in lowered spine density, 
particularly with thin- and mushroom-shaped spines in the apical arbor. Spine 
density and morphology in the basilar dendritic tree was unaltered by loss of 
Nogo-A.  These results suggest a role for neuronal Nogo-A in maintaining a spine 
phenotype in neocortical pyramidal cells. 
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INTRODUCTION 
The Nogo-A protein is a potent suppressor of neuronal outgrowth in the 
intact (Montani et al., 2009) and injured (Gonzenbach and Schwab, 2008) CNS. 
Anti-Nogo-A immunotherapy after ischemic stroke in the adult rat induces 
axonal remodeling and functional recovery, and also leads to enhanced dendritic 
arborization and increased spine density in pyramidal neurons of the 
contralesional neocortex (Papadopoulos et al., 2006). This finding of effects on 
spine density led us to investigate the role of Nogo-A in neocortical pyramidal 
neurons of the undamaged CNS, to determine if neuronal Nogo-A plays a role in 
dendritic spine development.  
Earlier studies of neuronal Nogo-A have shown that expression levels are 
high in embryonic and neonatal development, particularly in populations such as 
Purkinje neurons of the cerebellum, pyramidal cells of the hippocampus, and in 
layer V pyramidal neurons of the sensorimotor cortex of the rodent (Huber et al., 
2002; Mingorance et al., 2004; Mingorance-Le Meur et al., 2007). Temporal 
expression patterns of Nogo-A throughout embryonic and neonatal development 
indicate that the molecule may participate in processes beyond inhibition of 
outgrowth and plasticity (Josephson et al., 2001; Caltharp et al., 2007). Indeed, 
recent work has suggested that Nogo-A is involved in neuronal branching, 
neuronal migration, and synapse stabilization (Aloy et al., 2006; Mingorance-Le 
Meur et al., 2007). Specifically, cultured neurons from mice lacking expression of 
Nogo-A as well as the other Nogo isoforms B and C showed enhanced axonal 
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branching in vitro (Mingorance-Le Meur et al., 2007). In vivo, these mice 
displayed delayed interneuron migration during neocortical development 
(Mingorance-Le Meur et al., 2007). Also, Nogo-A overexpression in cerebellar 
Purkinje neurons from postnatal day 7 to adulthood led to a decrease in stability 
of inhibitory synaptic contacts, a decreased number of synapses overall, and 
deficits in motor learning and coordination (Aloy et al., 2006).  
In order to directly assess the role of neuronal Nogo-A in dendritic spine 
development in vivo, we used a Nogo-A knockdown approach mediated by 
shRNA, delivered by an adeno-associated virus serotype 2/8 (AAV2/8). AAV2/8 
is ideally suited for targeting neuronal Nogo-A because approximately 95% of 
transduced cells in the CNS are neurons (Allocca et al., 2007; Dodiya et al., 
2009). Transduction of oligodendrocytes, the only other cell in the intact CNS 
that is Nogo-A positive, is negligible (Broekman et al., 2006).  Our study 
demonstrates that shRNA knockdown of neuronal Nogo-A in early postnatal 
development leads to lowered spine density, particularly with thin and 
mushroom-shaped spines in apical dendrites of adult neocortical pyramidal 
neurons.  We saw no changes to spines in the basilar arbor of these neurons. 
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METHODS 
AAV production 
Plasmids 
Plasmids to be used included Nogo-A shRNA, helper plasmid, and 
AAV2/8.  One μg of each plasmid was added to Escherichia coli DH5a bacteria 
(Invitrogen).   Transformation involved a 20 minute incubation period over ice, 
followed by 45 seconds at 37˚C.  The bacteria were grown in Luria broth (LB), 
and mixed in eppendorf Thermomixer at 600 rpm for 30-90 minutes.  Bacteria 
were plated and incubated overnight at 37˚C.  The following day, a single clone 
was transferred to 2 mL LB containing ampicillin (100 µg/mL), incubated with 
agitation overnight, transferred to flasks containing 200 mL amp-LB, and 
incubated with agitation overnight again.  Plasmids were isolated by anion-
exchange columns, per maxiprep protocol (Qiagen).  Plasmid concentration was 
estimated by absorbance at UV 260:280 λ.  Plasmid identity was verified with 
restriction enzyme digestion followed by agarose gel electrophoresis and 
sequencing. 
 
Production 
HEK-293 cells (Invitrogen) were grown in Dulbecco‘s modified Eagles 
medium (DMEM) with 10% fetal bovine serum and 100 U/mL 
penicillin/streptomycin to 70-90% confluence on 15 cm dishes.  Cells were 
washed twice in Phosphate-buffered saline (PBS), and 18 mL of DMEM:5% 
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Modified Bovine Serum (Virapak transfection kit, Stratagene) + 
penicillin/streptomycin (100 units/mL) media added to each plate.  Briefly, 25 μg 
of each of the three plasmids were mixed with 100μL of 2.5 M CaCl2, followed by 
750 μL of 2X 2×N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES)-
buffered saline.  The mixture was incubated for 10 minutes at room temperature.  
1.8 mL of this solution was added drop-by-drop to each plate, and plates were 
gently swirled.  To assist transfection, incubator CO2 levels of were dropped to 3% 
for 12-18 h.  After this time, cells were washed twice and media was replaced.  
Three days post transfection, cells were washed, harvested, and lysed by 3 cycles 
of freeze/thaw.  After the third thaw cycle, lysates were incubated at room 
temperature for 30 minutes in benzonase (50 U/mL), and then centrifuged at 
3700 g for 20 minutes.   
 
Purification  
An iodixanol purification gradient was created according to (Zolotukhin et 
al., 1999).  Briefly, Quick-seal Ultra-clear 28x89 centrifuge tubes were filled with 
5 mL of 60% iodixanol with 30 µL of a 0.5% phenol red stock solution, 5 mL of 
40% iodixanol in PBS-MK buffer, 6 mL of 25% iodixanol in PBS-MK buffer with 
60 µL of phenol red stock, 9 mL of 15% iodixanol, and 15 mL of the crude lysate.  
All solutions were added dropwise, by Pasteur pipette, with special care taken to 
avoid mixing.  Tubes were sealed and centrifuged at 18˚ for 1 hour at 350,000 g.  
An 18-gauge needle was used to aspirate 5 mL of the 60:40 interface.  The virus 
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was then concentrated by centrifugation through Amicon Ultra-15 100 K filter 
(Millipore).  The buffer was exchanged to PBS through repeated dilutions and 
centrifugations. 
 
Titre estimation 
Primate fibrosarcoma HT-1080 cells were cultured in 6-well plates to 80% 
confluence.  AAV2/8 was serially diluted and added to cultures.  On the fourth 
day, media was replaced.  Fluorescent cells were counted at four, five, and six 
days post infection with aid of a heamacytometer.  Viral titre was estimated from 
an average of counts on these three days.  Stocks of AAV-Nogo, AAV-Luciferase, 
and AAV-EGFP were estimated to be 2x109 infectious particles / µL. 
 
Animals 
Long-Evans Black-Hooded male rats (Harlan) were used throughout the 
study.  At postnatal day 5 (P5), litters were size-matched to 8 pups.  At weaning 
(P23), males were housed two or three to a cage, allowed free access to food and 
water, and maintained on a 10h/14h light/dark cycle.  This study was conducted 
using protocols approved by the Edward Hines Jr. VA Hospital Institutional 
Animal Care and Use Committee in accordance with National Institutes of Health 
principles of laboratory animal care. 
P3 pups were cryoanesthetized, a 1 cm incision was made in the scalp, and 
the pup was placed in a neonatal stereotaxic device.  Two craniotomies were 
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performed.  Injection coordinates are given in Table 1.   With these coordinates, 
EGFP+ cells were observed in both the hippocampus and sensorimotor cortex.  A 
32 gauge microsyringe (Hamilton) was lowered into the brain, and left in situ for 
one minute.  250 nL of virus was slowly injected into each site over a period of 
one minute.  The needle was left in place for one minute before gradual removal 
over the course of one minute.  Multiple injections were performed 
simultaneously to minimize the time spent under anesthesia.  Animals were 
warmed by a halogen lamp and skin was sutured with 5-0 monofilament.  A small 
bubble of tattoo ink was injected under the skin of the dorsal paw(s) for 
identification.  Each neonate was away from the dam for approximately two 
hours.  
 
Verifying Nogo-A knockdown 
HEK293 cells were transfected with decreasing amounts of shNogo 
plasmid and equal amounts of Nogo-A plasmid using Polyfect Transfection 
Reagent in accordance with manufacturer‘s instructions (Qiagen).  At the same 
time, an identical set of plates were also transfected with shLuciferase plasmid in 
equimolar amounts to shNogo, to control for promoter competition.  Cells were 
lysed and harvested at three days post transfection. All experiments were 
replicated at least three times. 
SDS-PAGE and western blotting were performed as previously described 
(Kelleher and Long, 1992). Briefly, 20 mg of cell protein lysates were   
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Left  
Right 
Needle positioned at 16º angle to allow 
space for both needles  
Posterior Lateral Ventral Posterior Lateral Ventral 
 0.1  1.7  1.8 0.3 2.2 1.8 
 0.8 1.8 1.8 1.1 2.3 1.9 
 
 
 
Table 1.  Neonatal stereotaxic coordinates for AAV-injection.  
Coordinates are measured in mm with respect to bregma. 
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electrophoresed through a SDS-polyacrylamide gel and transferred at 55 V for 90 
minutes to a polyvinylidene difluoride membrane. Membranes were dried to 
visualize transfer efficiency, then rewetted in methanol.  Membranes were 
incubated overnight at 4˚C with primary monoclonal antibodies (1:750 diluted in 
TBS-Tween:5% powdered milk for mouse 11C7, 1:5000 dilution as before for 
rabbit anti-GAPDH antibody). The membrane was washed with PBS and 
incubated with an alkaline phosphatase conjugated secondary antibody specific 
to the primary species (1:5000 dilution; Pierce) for 2 hours at room temperature 
before washing and reacting the membrane with chemiluminescent substrate 
(Pierce).  Dose-dependent trends band pattern were visualized from three 
replicate experiments. 
To confirm Nogo-A knockdown in vivo, animals were injected as described 
above, anesthetized (sodium pentobarbital, 1 mg/kg, i.p.) and transcardially 
perfused with 4% phosphate-buffered paraformaldehyde.  Brains were 
cryoprotected for 24 hours in 30% sucrose solution, sectioned on a cryostat at 
40μm, and stored in PBS with azide.  Free-floating sections were incubated with 
blocking solution, Tris-buffered saline (TBS)-0.1%TritonX-100:10%NGS for 1.5 
hours, followed by primary antibody overnight in 5% NGS (11C7, 1:750 diluted in 
TBS:0.1% Triton-X:5% NGS, Novartis).  Sections were washed in TBS-
0.1%Triton-X-100, and incubated in secondary antibody (Rabbit-anti-mouse 
Alexa Fluor 594, Molecular Probes A21125, diluted 1:1000, as above) for 2 hours 
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at room temperature.  Sections were again washed, mounted onto slides, and 
coverslipped.   
Ten to twelve 0.5 µm-thick stacks were taken at 63x magnification on a 
laser-scanning confocal microscope.  Three animals were examined per group, 
with at least fifty EGFP+ cortical cells counted per animal.  Of these transduced 
cells, the total number of Nogo-A immunopositive cells was also counted.  The 
number of double-labeled cells was expressed as a percentage of the total number 
of transduced cells. 
 
Dendritic spine imaging via laser-scanning confocal microscopy 
Rats were anesthetized (sodium pentobarbital, 1 mg/kg, i.p.) and 
transcardially perfused with 4% phosphate-buffered paraformaldehyde.  Brains 
were removed, cut into 200 μm thick sections with a vibratome, mounted onto 
slides and coverslipped.  Images were captured with a confocal microscope and 
analyzed using NIH ImageJ.  Five terminal, 2nd order or higher, EGFP-filled 
pyramidal dendrites were imaged per animal at 63x water-immersion objective 
on a scanning laser confocal microscope with 4x zoom.  Dendrites from the 
sensorimotor cortex were chosen from the basilar arbor and from the apical arbor 
proximal to the tuft of layer V neurons.  All protrusions along a 10 µm segment of 
dendrite were counted from five different neurons per animal.  Filopodia 
dendritic protrusions that did not show a clearly identifiable spine head, as 
described in (Harris et al., 1992), were counted and each listed separately.  For 
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morphology analysis, maximum head diameter and length were measured for 
each spine.  Protrusions were classified according to (Lippman and Dunaevsky, 
2005), as seen in Figure 2. Six rats per group were utilized for basilar spine 
analysis.  To analyze apical spines, 6 and 10 rats were used from the AAV-EGFP 
and AAV-shNogo groups, respectively.  For basilar spine evaluation, 6 animals 
were used per group. 
 
Statistical analyses 
Unless otherwise stated, Prism 4 for Windows (GraphPad Software, Inc.) 
was used to analyze all data via the two-tailed Student‘s t-test.  In all cases, p < 
0.05 was regarded as statistically significant.  
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RESULTS 
Recombinant virus, AAV-shNogo, mediated in vitro and in vivo Nogo-
A gene knockdown.  
Neocortical layer V pyramidal neurons were transduced following AAV 
injection (Figs. 4 and 5) into the presumptive primary sensorimotor cortex of P3 
rat pups. While we did occasionally observe EGFP-positive cells that resembled 
astrocytes, approximately 95% of cells transduced had a neuronal morphology 
(Fig. 6A-H). Pyramidal neurons transduced with the control vector, AAV-EGFP, 
showed immunoreactivity for Nogo-A, while very few pyramidals from the AAV-
shNogo group showed any Nogo-A immunostaining (Fig. 6). The average percent 
of double-labeled cortical cells was 38.3 ± 3.8 in the control vector group, and 9.7 
± 7.7 in the AAV-shNogo transduced group (p=0.029; Fig. 7B), indicating a 75% 
decrease in the number of transduced, Nogo-A positive neurons.  HEK-293 cells 
transduced with Nogo-A and shNogo-A showed reduction in Nogo-A protein as 
the dose of shNogo-A plasmid increased (see Fig. 7A for a representative blot).   
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Figure 4.  Representative viral spread from two rAAV2/8 treated rats.  
Examples of moderate and high viral spread shown at left, and right, respectively.  
Blue color indicates regions of EGFP signal, as detected at 5x magnification.  
Figure adapted from Paxinos and Watson, 2006. 
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Figure 5. Representative AAV2/8-EGFP transduction in sensorimotor 
cortex.  The green color indicates a virally transduced neuron (EGFP). Note the 
layer of transduced pyramidal neurons. Pictures were taken at 5x, 20x, and 63x 
magnification.  63x photos were taken on scanning confocal microscope.  
Modified from Paxinos and Watson, 2006.  Scale bar indicates 10 micrometers.  
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Figure 6. Representative in vivo knockdown mediated by 
recombinant virus in neurons.  A-D, J-L When injected in the primary 
sensorimotor cortex of neonatal rats, AAV-EGFP transduced neurons (arrows 
point to examples) showed Nogo-A immunoreactivity 6 weeks after injection. 
However, the AAV-shNogo transduced neurons showed negligible Nogo-A 
immunoreactivity (E-H, M-O). j-o Scanning confocal microscope images, at a 
higher magnification, demonstrate loss of Nogo-A. Scale bar: D, H: 100 µm, O: 10 
µm.  
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     Nogo-A knockdown in vitro 
 
 
Figure 7.  Diminished Nogo-A protein levels following knockdown in 
vitro and in vivo. (A) Plasmid transduced HEK293 cells show dose-dependent 
decrease in Nogo-A protein levels.  Blot shown is representative of a trend 
observed in three separate replications. Numbers indicate the molar ratios of 
shRNA:target.  (B) When assessing cells from neocortical tissue sections labeled 
for viral transduction via EGFP, AAV-EGFP-shNogo transduced neurons show a 
reduction in Nogo-A immunoreactivity, when compared to AAV-EGFP control 
virus.  Data pooled from 50 cells/animal, 3 animals/group.  * indicates p < 0.05, 
two-tailed Student‘s t-test, error bars indicate SEM. 
A 
B 
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Neuronal Nogo-A knockdown in vivo results in reduced apical 
dendritic spine density and alterations in apical spine morphology. 
After a 6 week survival period, EGFP-positive layer V pyramidal neurons 
from rats transfected with AAV-EGFP had an average spine density of 10.7 ± 0.6 
per 10 µm of dendrite length (see Fig. 2 for representative image). A 26% 
reduction in neuronal dendritic spine density was detected in neurons 
transduced with AAV-shNogo, with an average spine density of 7.9 ± 0.6 per 10 
µm of dendrite length (p = 0.006, Fig. 8A).  
Neurons from animals transduced with AAV-shNogo exhibited a 
significant decrease in the proportion of thin-type spines (0.8 ± 0.2; p = 0.03) as 
compared to neurons transduced with the control virus AAV-EGFP (1.7 ± 0.4; 
Fig. 8B).  A decrease in mushroom-shaped spines was also observed in adult 
neocortical pyramidal neurons following loss of Nogo-A (6.2 ± 0.5 per 10 µm of 
dendrite length for AAV-EGFP and 4.2 ± 0.5 for AAV-shNogo, p = 0.01, Fig. 8C).  
Densities of filopodia protrusions (1.0 ± 0.2 per 10 µm of dendrite length for 
AAV-EGFP and 1.1 ± 0.1, p = 0.62, data not shown), stubby (2.1 ± 0.1 per 10 µm 
of dendrite length for AAV-EGFP and 2.6 ± 0.3 for AAV-shNogo, p = 0.14, data 
not shown) and bifurcated spines (0.5 ± 0.2 per 10 µm of dendrite length for 
AAV-EGFP and 0.3 ± 0.1 for AAV-shNogo, p = 0.22, data not shown) were 
similar between groups.   
Spine length (0.59 ± 0.03 µm for AAV-EGFP and 0.62 ± 0.03 µm for AAV-
shNogo, p = 0.43) and maximal spine head width (0.89 ± 0.05 µm for AAV-EGFP 
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and 1.00 ± 0.10 µm for AAV-shNogo, p = 0.29) were measured, with no 
significant differences observed between groups (data not shown).  When 
measurements were sorted by bins of 0.4 microns, a decrease in the number of 
very long protrusions was observed in the Nogo-A knockdown group (longer than 
1.2 µm, p = 0.002, Fig. 9A).  Similarly, when spine width was binned, a slight 
decrease in the number of wide protrusions was observed (width between 0.6-
0.849, p = 0.047, Fig. 9B).  Together, these results suggest that postnatal Nogo-A 
gene knockdown influences apical spine dynamics in layer V neocortical 
pyramidal neurons. 
  
Reduced levels of postnatal, neuronal Nogo-A did not alter basilar 
spine density or morphology. 
As seen in Figure 10, basilar spine density was unchanged following Nogo-
A knockdown (9.1 ± 1.2 spines per 10 µm dendrite length for AAV-EGFP and 7.8 
± 0.7 for AAV-shNogo, p = 0.38, Fig. 10).  Similarly, filopodia protrusions (1.4 ± 
0.5 per 10 µm dendrite length for AAV-EGFP and 1.1 ± 0.3 for AAV-shNogo, p = 
0.64, data not shown), mushroom (4.3 ± 0.5 per 10 µm dendrite length for AAV-
EGFP and 3.7 ± 0.5 for AAV-shNogo, p = 0.40, Fig. 10), stubby (2.3 ± 0.4 per 10 
µm dendrite length for AAV-EGFP and 1.9 ± 0.3 for AAV-shNogo, p = 0.47, Fig. 
10), thin (1.8 ± 0.2 per 10 µm dendrite length for AAV-EGFP and 1.4 ± 0.1 for 
AAV-shNogo, p = 0.14, data not shown), or bifurcated spine morphology (0.7 ± 
0.1 per 10 µm dendrite length for AAV-EGFP and 0.6 ± 0.1 for AAV-shNogo, p = 
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0.71, data not shown) were not altered by the loss of Nogo-A in postnatal 
development.  
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Figure 8.  Apical sensorimotor cortex spine density and morphology 
following postnatal loss of Nogo-A. (A) Spine density was substantially 
decreased in response to Nogo-A knockdown.  (B) A decrease in mushroom- and 
(C) thin-type spines was also observed.  * indicates p < 0.05 via two-tailed 
Student‘s t-test, n = 6 and 10 from EGFP and shNogo groups, error bars indicate 
SEM.  
B 
A 
C 
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Figure 9.  Apical sensorimotor cortex morphology following postnatal 
loss of Nogo-Decreases in the density of very long spines (A) and wide spines 
(B) were observed following postnatal loss of Nogo-A.  * indicates p < 0.05 via 
two-tailed Student‘s t-test, n = 6 and 10 from EGFP and shNogo groups, error 
bars indicate SEM. 
A 
B 
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Figure 10.  Basilar sensorimotor cortex spine density and morphology 
following postnatal loss of Nogo-A. (A) No substantial differences were 
observed in spine density or spine morphology (B, C).  Data pooled from 6 
animals per group, Error bars indicate SEM.  
A 
B C 
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DISCUSSION 
The results of this study indicate that postnatal suppression of Nogo-A by 
AAV-delivered shRNA leads to a 26% reduction in spine density in apical 
dendrites of pyramidal neurons in layer V of the sensorimotor neocortex. 
Furthermore, morphological analysis of these transduced neurons showed a 52% 
and 32% significant decrease of in mushroom and thin spines, respectively 
suggesting a shift in spine morphology in the apical dendrites of neurons with 
decreased amounts of Nogo-A.  Postnatal Nogo-A knockdown also altered 
morphology so there were 37% fewer protrusions with very long necks compared 
to control group, and 22% fewer protrusions of moderately-wide diameter.  No 
changes were observed in basilar spine density or morphology between groups. 
Nogo-A was initially isolated from CNS myelin and identified as a highly 
potent inhibitor of neurite outgrowth (Caroni and Schwab, 1988). Over the past 
two decades, numerous studies of anti-Nogo-A antibody infusion in animal 
models of spinal cord injury and stroke have shown that this treatment results in 
functional recovery, axonal regeneration, and neuronal plasticity (Gonzenbach 
and Schwab, 2008). In particular, contralesional layer V neurons of the forelimb 
sensorimotor cortex displayed increased axonal sprouting (Seymour et al., 2005), 
dendritic complexity, and spine density (Papadopoulos et al., 2006) following 
stroke and anti-Nogo-A immunotherapy in adult rats. However, after knockdown 
in neonatal rats, our results of decreased spine density and altered spine 
morphology support the hypothesis that an additional function of Nogo-A may be 
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to promote spine development. When considering the present result of a decrease 
in spine density seen after Nogo-A knockdown as compared to our previous 
result of an increase in spine density after stroke and immunotherapy, several 
explanations are possible. First, the age of the animals was different, and 
decreasing the levels of Nogo-A protein in developing neurons could have led to a 
different result than administering the anti-Nogo-A therapy in the adult animal. 
Second, the axonal sprouting observed after anti-Nogo-A immunotherapy may 
have led to a retrograde activity- or trophic-induced increase in spine formation 
in the adult animals. Third, mechanistic differences between an antibody-
mediated therapy to neutralize global Nogo-A and direct loss of the protein in 
neurons through RNAi cannot be ruled out; anti-Nogo-A shRNA affected 
neuronal development over eight weeks‘ time, where the antibody was 
administered to an established nervous system for only two weeks.  Furthermore, 
the knockdown approach eliminated surface and ER-localized Nogo-A, but the 
antibody only affected molecules at the plasma membrane. 
The changes in spine morphology seen in the apical tree are representative 
of a deeper change in neuron functioning.  Spine morphology is known to change 
after LTP in hippocampal and cortical neurons, producing larger spine heads, 
and shorter and wider spine necks in an actin-dependent manner (Fifkova, 1985; 
Monfils and Teskey, 2004; Kopec et al., 2006).  The decrease in both of these 
measures seen after knockdown may indicate alterations in the formation of LTP 
in neurons lacking postnatal Nogo-A.  Furthermore, we also observed changes in 
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apical spines when morphology was assessed by manually assigning spines to 
different categories (Fig. 2, Chapter 2).  This method is limited by the continuum 
that exists between forms (Arellano et al., 2007a), but it does suggest alterations 
in the distributed form of computing that spines perform (Yuste, 2010).  Also, 
mushroom spines have been shown to be more stable, so the loss of mushroom 
spines observed here in response to neuronal Nogo-A knockdown may indicate 
an increase in spine turnover (Parnass et al., 2000).   
A clear future direction for this work would be to examine the possibility of 
off-target effects.  As an shRNA sequence, shNogo can avoid activating interferon 
pathways as siRNA duplexes that lack the 2 NT overhang would.  Also, because 
our sequence is only 19-nt long, it is able to avoid PKR off-target pathways which 
are triggered by RNA sequences over 33 NT long.  Previous work in our lab has 
shown that spine density is not affected by exogenous short hairpin delivered by 
AAV2/8 over a 7 week postnatal time period.  This hairpin was directed against 
firefly Luciferase and the plasmid also encoded for the fluorophore ZS-green  
(Pradhan et al., 2010).  This hairpin would not control for shNogo856 off-target 
effects because these effects are specific to the sequence used for RNAi.  A BLAST 
search shows that shNogo856 only targets Nogo-A in Rattus norvegicus to a 
significant degree of sequence matches (E value < 0.1).  Another recently 
developed algorithm has indicated that Foocen-m1, a poorly-characterized 
member of the reticulon family, may be susceptible to regulation via the 
shNogo856 sequence, though this protein is the only match besides Nogo-A 
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(Ryan et al., 2008).  Future studies would benefit from use of a second vector to 
knock down Nogo-A, directed against a different sequence, to rule out the 
possibility of off-target effects.  Further insight into this possibility may be gained 
from an examination of interferon gene expression. 
The lack of response in the basilar spines to the loss of neuronal Nogo-A 
was unexpected, but may be due to subtle differences in wiring between the 
different regions on the dendritic tree.  For example, the proximal apical and 
basilar arbors are innvervated by layer 5 neurons from the ipsilateral cortex.  The 
basilar arbor receives additional inputs form layer 3 neurons from the 
contralateral cortex, and thus serves to also integrate regions from the different 
cortices (Deuchars et al., 1994; Lubke et al., 1996; Thomson and Bannister, 
1998).  Hippocampal slice cultures treated with anti-Nogo-A antibody display 
similar differences in responsiveness between different regions of the 
hippocampal dendritic arbor.  Specifically, pyramidal neurons of the CA1 that had 
been treated with the anti-Nogo-A antibody 11C7 showed increase in stubby-type 
spines of the distal apical arbor, but no change to other dendritic regions.  
Pyramidal neurons of the CA3 receiving the same treatment saw no change to 
dendritic complexity in their proximal apical tree, but a statistically significant 
increase in complexity of the distal apical tuft (Zagrebelsky et al., 2010).  While 
these slice cultures were obtained from P5 mouse pups and maintained for at 
least three weeks in vitro, they can not translate directly into this study on this 
nine-week postnatal developmental window in vivo.  Nevertheless, the results 
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from this study support the general hypothesis that Nogo-A signaling can 
maintain synaptic and dendritic structures. 
 Several mechanisms may underlie Nogo-A‘s role in plasticity and 
development, including the actions of intracellular Nogo-A, and interaction with 
a Nogo-66 receptor (NgR1) or integrins (Voeltz et al., 2006). NgR1 has been 
shown to mediate changes in neuronal plasticity (McGee et al., 2005), including 
spine morphology, synaptic function (Lee et al., 2008; Raiker et al., 2010), and 
length of neuronal stem cell neurites (Wang and Zhu, 2008). Integrins can 
interact with the amino-terminal of Nogo-A (Hu and Strittmatter, 2008), and 
have also been implicated in dendritic spine plasticity (Shi and Ethell, 2006; 
Webb et al., 2007). Nogo proteins have been implicated in migration of 
neocortical interneurons during embryonic development in vivo (Mingorance-Le 
Meur et al., 2007).  Loss of these proteins in cultured cortical neurons increases 
both the rate of neurite polarization and the magnitude of neurite branching, 
potentially through intracellular mechanisms (Mingorance-Le Meur et al., 2007). 
Indeed, intracellular Nogo-A has been reported to induce topological changes in 
another membranous structure, the ER (Voeltz et al., 2006; Kiseleva et al., 2007). 
While the molecular mechanism of spine loss observed here has yet to be 
uncovered, our results suggest that endogenous levels of Nogo-A expression in 
postnatal development are necessary for the formation and maintenance of spine 
density and morphology.
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CHAPTER FOUR 
POSTNATAL KNOCKDOWN OF NEURONAL NOGO-A LEADS TO A 
DECREASE IN MESSAGE LEVELS OF GENES IMPORTANT FOR 
SYNAPTIC PLASTICITY 
 
ABSTRACT 
 Nogo-A protein is an important regulator of neurite outgrowth, and is a 
recognized inhibitor of functional recovery and anatomical plasticity after CNS 
injury.   This negative role Nogo-A plays in the injured CNS has led researchers to 
investigate beneficial roles that may have aided in the evolutionary conservation 
of this protein.  To examine the roles of this protein at the synapse of the intact 
CNS, we used RNAi directed against Nogo-A and delivered it to the developing 
rat sensorimotor cortex via AAV2/8, a neurotropic vector.  We examined regions 
of transduced cortex via qRT-PCR for message levels of molecules important for 
synaptic plasticity, including Neuroligin-1, NMDA receptor subunits NR2A and 
NR2B, and PSD-95.  We found that mRNA of Neuroligin-1 and NR2B were 
substantially reduced, with no changes to PSD-95 and NR2A expression.  These 
results suggest that neuronal Nogo-A may regulate synaptic plasticity by means 
of controlling the molecular composition at synapses.  This finding represents a 
novel role for Nogo-A in neurons of the uninjured CNS. 
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INTRODUCTION 
 The potent neurite outgrowth inhibitory protein Nogo-A is found in 
myelin sheaths and in some subsets of neurons (Huber et al., 2002; Wang et al., 
2002b; Liu et al., 2003; Cheatwood et al., 2008).  Studies of oligodendrocyte-
associated Nogo-A have shown the protein causes axonal growth cone collapse, at 
least in part through the downstream signaling of NgR1, which is found in 
neurons (Chivatakarn et al., 2007; Raiker et al., 2010).  Antibody therapies 
directed against Nogo-A have shown promise in preclinical and clinical stage I 
trials for the treatment of spinal cord injury (Freund et al., 2006; Zorner and 
Schwab, 2010).  This same treatment has also led to functional recovery in rat 
models of stroke (Wiessner et al., 2003; Tsai et al., 2010), even if the treatment is 
not administered until two months after injury (Tsai et al., 2010).  An 
understanding of how Nogo-A regulates plasticity at the synapse may aid in the 
discovery of new therapeutic avenues for several neurological conditions. 
 To determine the role of Nogo-A at the synapse, we examined the 
expression pattern of molecules that are elements of the functional excitatory 
synapse following postnatal knockdown of neuronal Nogo-A.  We chose to 
examine rat neuron development because this is where cortical neuron 
synaptogenesis occurs, and neuronal Nogo-A expression peaks at this time 
(Huber et al., 2002; Hunt et al., 2003; Buss et al., 2005; Mingorance-Le Meur et 
al., 2007).  The resulting molecular phenotype may give insight into synaptic 
plasticity of neurons that lack Nogo-A.  We examined the molecules post-synaptic 
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density 95 (PSD-95), the NR2A and NR2B subunits of the NMDA receptor, and 
neuroligin 1.  PSD-95 is an intracellular postsynaptic anchoring molecule 
localized to active synapses that serves to stabilize many key elements of synaptic 
transmission, including glutamate receptors and the actin cytoskeleton (Blanpied 
et al., 2008; Chen et al., 2008).  A shift in the predominance of NMDA receptor 
subunits NR2A and NR2B is an indicator of a change in the threshold of use-
dependent plasticity (Tang et al., 2001; Liu et al., 2004; Fu et al., 2005; Yashiro 
and Philpot, 2008; Corson et al., 2009).  Neuroligin-1 is an intercellular 
anchoring molecule, one of the final molecules to be delivered to the site of 
synapse assembly (Nam and Chen, 2005; Gerrow et al., 2006; Barrow et al., 
2009). These molecules are all mediators of excitatory signaling and known to 
regulate synaptic plasticity, including long-term potentiation.  We also examined 
levels of the Nogo-A splice variant Nogo-B and Cofilin, a known downstream 
target of Nogo-A signaling.  This allowed us to compare our model to others that 
have demonstrated changes in these molecules in Nogo-A knockout mice (Dimou 
et al., 2006; Montani et al., 2009).   
 In rats with neuronal Nogo-A knockdown, we saw a decrease with respect 
to control group in the expression of NR2A, NR2B and Neuroligin-1, with no 
substantial differences to PSD-95, Nogo-B or Cofilin. 
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METHODS 
Quantitative RT-PCR (qRT-PCR) 
Isolation of mRNA 
 P3 rats were injected with AAV as described in Chapter Three.  At P65, rats 
were decapitated and their brains were rapidly removed, frozen in isopentane, 
and stored at -80˚C until further processing.  Approximately 30 milligrams of 
tissue from the sensorimotor cortex was quickly dissected over ice and 
homogenized in ice-cold TRIzol (Invitrogen).  During the course of 
microdissection, the brain was frequently rotated between the dissection plate 
and dry ice to prevent the tissue from thawing to room temperature.  Regions 
were chosen based on previous studies of viral spread.  Total RNA was extracted 
per (Chomczynski and Sacchi, 2006)).  Genomic DNA was degraded and 
eliminated using TURBO DNA-free (Ambion) according to manufacturer‘s 
instructions.  Five µg of RNA was reverse-transcribed to synthesize first-strand 
complementary DNA (cDNA) using Superscript II (Invitrogen), and the resulting 
cDNA was diluted to 100 µL.  ―No template‖ controls were used to detect any 
potential contamination at the reverse-transcription step, and also with every set 
of PCR reactions. 
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PCR reaction 
For each PCR reaction tube, 1 µL of cDNA templates (diluted as described 
above) was added to a solution of primer pairs (Table 2) and SYBR-green 
Supermix (Bio-Rad), with the exception of   EGFP cDNA, which was amplified 
using EGFP primers (QT01171611, QIAGEN) and QuantiTect SYBR Green PCR 
Master Mix (QIAGEN).  SYBR-green fluorescence was detected at the end of 
every extension step (Table 2).  All real-time PCR reactions were performed in 
triplicate, with the average cycle threshold (CT) value used to quantify cDNA.  
Relative cDNA amounts were calculated according to (Pfaffl, 2001), with GAPDH 
as the reference gene.  Absolute EGFP expression was used to identify samples 
with high transduction, and the animals in the upper 50th percentile of EGFP 
expression were used in analysis.  Six animals in the EGFP group and five 
animals in the shNogo group were used in the final analysis. 
 
Primers 
For each set of primer pairs, end products were run on gels to verify 
product base pair (bp) size until the primer set was optimized (Fig. 13), at which 
point the thermal melting curve analysis was used to verify specificity.  
Amplification efficiency of all target and reference genes was calculated from the 
CT values of serially diluted templates.  Serial dilutions of cDNA, amplified using 
all primer sets, replicated in a linear fashion (in all cases, r2 > 0.99).   
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Statistical analyses 
Due to the inherent variability in the qRT-PCR technique, mathematical 
outliers, as determined by Tukey fences, were excluded from analysis.  Prism 4 
for Windows (GraphPad Software, Inc.) was used to analyze all data via the F-test 
to compare variances.  In cases where variances between groups were not 
significantly different, data was analyzed by the two-tailed Student‘s t-test.  If 
variances between groups were found to be different, data was then analyzed via 
two-tailed Student‘s t-test with Welch‘s correction.  In all cases, p < 0.05 was 
regarded as statistically significant.    
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Table 2.  Primer sequences, anticipated product size, and cycling 
parameters for candidate genes.  
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Figure 11.  Representative gel banding patterns for primer sets used in 
qRT-PCR experiments.  Indicated PCR products from microdissected tissue 
were run on agarose gels.  DNA ladder (bp) indicated on the left.  Duplicates and 
triplicates in the bottom panel represent 10- and 100-fold dilutions of the original 
amount of cDNA, respectively. 
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RESULTS 
AAV-shNogo leads to reduced levels of Nogo-A, with no changes to 
Nogo-B or Cofilin expression. 
 We first sought to validate the selected method of tissue sampling, which 
involved microdissection by hand of neocortical regions transduced with AAV.  
Because this method was known to contain both transduced and untransduced 
neurons, we chose to examine only the samples with the highest amount of AAV 
transduction, as assessed by EGFP expression.  Using this method, we analyzed 
the relative amount of the shRNA target, Nogo-A.  Relative expression was 
calculated by the differences in CT values between the gene of interest and the 
GAPDH housekeeping gene, which is unaffected by Nogo-A knockdown (p = 
0.34, Fig. 12).  Relative message levels of Nogo-A were significantly reduced in 
AAV-shNogo samples (0.12 ± 0.05) with respect to the AAV-EGFP control group 
(1.00 ± 0.33, p = 0.047, Fig. 13A).   
The next objective was to compare our neuronal Nogo-A knockdown rat 
model to the Nogo-A knockout mouse paradigm, which displayed two-fold 
increase in Nogo-B protein (Dimou et al., 2006; Montani et al., 2009).  Relative 
quantities of Nogo-B mRNA remained unchanged between groups (0.45 ± 0.18 
for AAV-shNogo and 1.00 ± 0.30 for AAV-EGFP control, p = 0.21), and Cofilin 
expression was similar between groups (0.56 ± 0.17 for AAV-shNogo and 1.0 ± 
0.14 for AAV-EGFP, p = 0.08, Fig. 13).  Therefore, our knockout model used here 
has the advantage of lacking at least the Nogo-B  compensation issue.  
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Postnatal loss of Nogo-A influences expression of genes important for 
synaptic plasticity. 
 Relative mRNA levels of the post-synaptic scaffold PSD-95 (1.00 ± 0.25 for 
AAV-EGFP and 1.23 ± 0.39 for AAV-shNogo, p = 0.62, Fig. 14) and the NMDA 
receptor subunit NR2A (1.00 ± 0.45 for AAV-EGFP and 0.18 ± 0.04 for AAV-
shNogo, p = 0.14) displayed no substantial differences between groups.  There 
were significant decreases to message levels of Neuroligin-1 (1.00 ± 0.10 for AAV-
EGFP and 0.40 ± 0.11 for AAV-shNogo, p = 0.003) and NR2B (1.00 ± 0.18 for 
AAV-EGFP and 0.14 ± 0.06 for AAV-shNogo, p = 0.005) following knockdown of 
postnatal, neuronal Nogo-A (Fig. 14).  The ratio of NR2A/NR2B was similar 
between groups (1.00 ± 0.47 for AAV-EGFP and 4.79 ± 2.41 for AAV-shNogo, p = 
0.22). 
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Figure 12.  GAPDH expression was similar between groups, as 
determined by two-tailed Student‘s t-test with Welch‘s correction.  This holds 
true even if the two mathematical outliers in the shNogo group were to be 
excluded.  n = 6 for EGFP and n = 5 animals for shNogo, error bars indicate SEM   
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Figure 13.  Relative expression levels of Nogo-A, Nogo-B, and Cofilin 
mRNA in samples with highest AAV transduction. (A)  Levels of Nogo-A 
were decreased in response to AAV-shNogo, while (B) Nogo-B expression was 
unchanged.  (C)  Cofilin mRNA was not appreciably different in response to loss 
of Nogo-A.  Levels are relative to each sample‘s GAPDH CT value, and results for 
each candidate gene are normalized to the average value of the AAV-EGFP 
control group.  * indicates p < 0.05 via two-tailed Student‘s t-test, n = 6 for EGFP 
and n = 5 animals for shNogo, error bars indicate SEM. 
A B 
C 
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Figure 14.  Relative expression levels of selected postsynaptic 
molecules’ mRNA in samples with highest AAV transduction.  (A) 
While the levels of PSD-95 and (B) NR2A were unchanged in response to loss of 
Nogo-A, there was a reduction in the amount of (C) Neuroligin-1 and (D) NR2B 
message. Levels are relative to each sample‘s GAPDH CT value, and results for 
each candidate gene are normalized to the average value of the AAV-EGFP 
control group.  * indicates p < 0.05 via two-tailed Student‘s t-test, n = 6 for EGFP 
and n = 5 animals for shNogo group, error bars indicate SEM.  
A B 
C D 
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DISCUSSION 
The results from this study show that postnatal knockdown of Nogo-A 
results in an 88% reduction in Nogo-A mRNA, 60% reduction Neuroligin-1, and 
an 86% decrease in the NMDA receptor subunit NR2B in the sensorimotor cortex 
when compared to the AAV-EGFP control group.  No change was detected in the 
message levels of Nogo-B, Cofilin, and PSD-95 compared to controls.  The NMDA 
receptor subunit NR2A did not show a statistically significant reduction in 
mRNA, but there was an 82% decrease when compared to the control group. 
The excitatory synaptic adhesion molecule Neuroligin-1 was decreased in 
rats with neuronal Nogo-A knockdown.  Neuroligin-1 and -2 are found exclusively 
at excitatory and inhibitory synapses, respectively (Graf et al., 2004; Levinson 
and El-Husseini, 2005; Chubykin et al., 2007).  Using a postnatal mouse 
overexpression paradigm of Nogo-A in cerebellar Purkinje neurons, Aloy et al. 
(2006) saw a decrease of Neuroligin-2 as well as several other indications of 
synaptic disassembly.  Interestingly, our model of decreased Nogo-A protein 
levels resulted in a decrease in Neuroligin-1, although we did not examine 
Neuroligin-2 and they did not examine Neuroligin-1. However, the fact that 
overexpression and knockdown paradigms led to similar changes in Neuroligin 
expression—and synaptic destabilization—may be due to potential model-specific 
effects, or the difference between inhibitory and excitatory synapse regulation.   
We found that Nogo-A knockdown led to a significant decrease in the 
message levels of the glutamatergic NMDA receptor subunits NR2B, but only a 
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trend toward decreased NR2A.  NMDA receptors are key mediators of synaptic 
plasticity and an established means of coincidence detection (see Chapter Two).  
NR2-A and -B subunit expression represents a kind of reciprocal control of the 
threshold for modifying synaptic strength. Neuronal activity generally facilitates 
transcription and surface delivery of NR2A, but it represses transcription of 
NR2B and facilitates NR2B degradation (Fu et al., 2005; Yashiro and Philpot, 
2008; Corson et al., 2009).   
In the first weeks of postnatal development, NR2B subunits predominate 
over NR2A.  This pattern is shifted in the young adult, where there are more 
NR2A subunits than NR2B (Tang et al., 2001; Liu et al., 2004; Giza et al., 2006).  
We did not see a shift in the ratio between NR2A/NR2B between the young 
adults in each treatment group.  Instead, both subunits decrease to a similar 
degree in the AAV-shNogo group—82% decrease in NR2A and 86% decrease in 
NR2B—perhaps suggesting a broader decline in the expression of this receptor 
entirely.  The growth of spines into a mushroom morphology requires the 
presence of NMDA receptors (Matsuzaki et al., 2004), and the decrease in NMDA 
receptor subunits seen here in response to loss of Nogo-A may be linked to our 
previous finding of fewer mushroom spines in animals after postnatal Nogo-A 
knockdown (Chapter three).  The result may also relate to other laboratories‘ 
observations of altered LTP in Nogo-A knockout mouse hippocampal neurons, 
since NMDA receptors are known mediators of the coincidence detection 
required for LTP (Delekate et al., 2011).   
72 
 
It is important to note that NMDA receptors are found at sites other than 
synapses.  In the rat hippocampus, approximately 36% of the total dendritic 
NMDA receptor pool can be extrasynaptic (Harris and Pettit, 2007).  
Furthermore, signaling through this second pool of NMDA receptors appears to 
have a different functional consequence than signaling at synapses.  Signaling 
through nonsynaptic NMDA receptors can lead to neurotoxicity (Hardingham 
and Bading, 2010).  Potential mechanisms involved in the differential signaling 
between synaptic and nonsynaptic NMDA receptors may include the different 
types of signaling complexes available at these sites, and the nature of activation 
such as transient spikes at the synapse compared to chronic low-level signaling as 
a result of increased extracellular glutamate at nonsynaptic NMDA receptors 
(Hardingham and Bading, 2010).   
It is possible that the decrease in NMDA receptor subunits seen here may 
reflect a loss of receptors at extrasynaptic sites.  This would be in keeping with a 
pro-apoptotic role that has been proposed for Nogo proteins (Chen et al., 2006; 
Kuang et al., 2006; Xu et al., 2006; Teng and Tang, 2008).  However, the 
synaptic pool of NMDA receptors is most likely affected by postnatal neuronal 
knockdown, given the estimated proportion of extrasynaptic NMDA receptors 
comprising about a third of all NMDA receptors (Harris and Pettit, 2007), and 
decreases upwards of 80% in NMDA receptor subunits in our samples (Figure 
14). 
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We saw no significant changes to Cofilin or Nogo-B expression between 
rats with postnatal, neuronal Nogo-A knockdown and the control group. This 
result is in contrast to Nogo-A knockout mice, which displayed alterations in 
Cofilin signaling and a compensatory increase in Nogo-B expression (Dimou et 
al., 2006; Montani et al., 2009).  This difference in results could be due to the 
way knockout mice are generated, i.e., all Nogo-A in all cell types would be 
absent, whereas our only target using the viral mediated knockdown approach is 
neuronal Nogo-A.  Furthermore, while Nogo-B expression has not been linked to 
altered dendritic structure (Zagrebelsky et al., 2010), the lack of Nogo-B 
compensation might confer a slight advantage to our AAV-mediated knockdown 
model used here. 
 In our study, the relative mRNA expression of the excitatory postsynaptic 
scaffolding molecule PSD-95 remained unchanged.  PSD-95 expression has been 
linked to the density and size of spines (El-Husseini et al., 2000; Chang et al., 
2009), although synaptic plasticity has also been observed with no change to 
overall protein density in PSD-95 (Blanpied et al., 2008).  One possible 
interpretation of our data is that Nogo-A knockdown may lead to an increase in 
PSD-95 per spine, given the decrease in spines seen in the apical arbor (Chapter 
three).  It is also possible that the lack of change is influenced by untransduced 
neurons, or the continued expression of Nogo-B which can signal through NgR1 
through its Nogo-66 loop (see Fig. 1).  A third possible interpretation is that 
regulation of the PSD-95 scaffold occurs in this system by another means.  The 
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protein has a half life of approximately 100 minutes at the postsynaptic density 
(Gray et al., 2006), so it is reasonable to assume that mRNA levels may serve as a 
sensitive indicator of protein levels.  However, PSD-95 activity is known to be 
regulated by extrasynaptic localization and phosphorylation in addition to 
protein expression, and it is possible that these methods of post-translational 
regulation are simply more fundamental than translational means (Bence et al., 
2005; Morita et al., 2006; Barrow et al., 2009).  A study of PSD-95 protein levels 
and localization using immunohistochemistry and high-resolution imaging might 
clarify this matter. 
In conclusion, we found that loss of postnatal Nogo-A in neurons of the 
sensorimotor cortex is associated with a decrease in several molecules key for 
glutamatergic transmission and plasticity: Neuroligin-1 and the NMDA receptor 
subunits NR2A and NR2B.  The lack of change to PSD-95 indicates that some 
elements are still intact.  We propose a role for neuronal Nogo-A in the 
distribution of molecules important for excitatory synaptic function over the 
postnatal window of development.  Our findings give further insight into the roles 
of this protein in the intact CNS, although additional study is needed to 
determine the molecular mechanisms underlying this finding. 
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CHAPTER FIVE 
POSTNATAL KNOCKDOWN OF NEURONAL NOGO-A LEADS TO A 
DECREASE IN THE APICAL COUNT OF AN EXCITATORY 
PRESYNAPTIC MARKER, VGLUT1, IN THE  
ADULT SENSORIMOTOR CORTEX 
 
ABSTRACT 
  Anti-Nogo-A immunotherapy has shown great promise in promoting 
functional recovery and anatomical plasticity in rodent and primate models of 
CNS injury.  Studies of Nogo-A function in the uninjured rodent have suggested a 
role in neuronal development.  To study the role of Nogo-A in the intact 
neocortex, we used vesicular glutamate transporter 1 (vGlut1) as a presynaptic 
marker for potential excitatory synapses.  We found that knocking down Nogo-A 
in postnatal pyramidal neurons of the sensorimotor cortex led to a decrease in 
the number of vGlut1 puncta identifying a potential presynaptic partner, in 
opposition to the apical dendritic shaft.  Though we found no changes to vGlut1 
density in the basilar arbor, the decreased vGlut1 in the apical arbor likely 
represents a loss of potential synapses that may have a strong influence on direct 
current injected into the dendrite.   
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INTRODUCTION 
 Our previous work has shown that loss of neuronal Nogo-A leads to a 
decrease in the density of apical dendritic spines in neocortical pyramidal 
neurons (Chapter 3).  We also found that this treatment leads to a decrease in the 
expression of several molecules key for synaptic structure and plasticity (Chapter 
4).  Nogo-A‘s putative roles in synaptic plasticity are thought to include the 
regulation of axonal outgrowth and stabilization, as well as presynaptic release of 
dopamine, although this latter function is less well-studied (Xiong et al., 2008; 
Schwab, 2010; Zagrebelsky et al., 2010).  The question remains whether Nogo-A 
in neurons can affect presynaptic machinery as it does within oligodendrocytes.   
 Excitatory dendritic synapses are present at all stages of brain 
development and often have a strong influence on dendritic currents.  While 
dendrite shafts are more often reserved for inhibitory synapses, estimates of 
glutamatergic shaft synapses can range from 4-10% of a neuron‘s total excitatory 
synapses in adulthood (Gray, 1959; Boyer et al., 1998).  In early postnatal 
development, this number can increase to as much as 50% (Boyer et al., 1998). 
 In our attempt to study the effects of neuronal Nogo-A on properties of the 
excitatory synapse, we used deconvolution microscopy of fluorescently-tagged, 
potential presynaptic sites in opposition to EGFP-filled dendrites.  Deconvolution 
microscopy offers a similar resolution capacity as laser confocal microscopy but 
has the advantage of very little photobleaching associated with high-resolution 
images, allowing improved quantification of fluorescence.  Identifying 
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presynaptic markers opposing spines and dendrites is facilitated by the 
resolution limit of deconvolution microscopy.  The width of the synaptic cleft is 
approximately 20 nm, maintained through the collective action of many pairs of 
transsynaptic anchoring molecules.  While fluorescently labeled proteins on 
either side of this 20 nm cleft are not truly in the same compartment as one 
another, they will appear at least partly colocalized when imaged by 
deconvolution microscopy, since the technique has a resolution limit of <200 nm.  
The color shift (yellow puncta in Figs. 17, 18) that results actually aids in 
colocalization analysis.   
 We chose to use vesicular glutamate transporter 1 (vGlut1) as a marker for 
potential excitatory synapses because these synapses by definition use glutamate 
as a neurotransmitter.  We found that knocking down Nogo-A in postnatal 
neurons leads to a decrease in the apical density of potential presynaptic partner, 
vGlut1, on dendritic shafts.   This likely represents a loss of potential synapses 
that may have a strong influence on direct current injected into the dendrite.   
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METHODS 
Immunohistochemical staining 
Rats were injected with AAV and perfused as described in Chapter Three.  
Brains were cryoprotected for 72 hours in 30% sucrose solution, cut at 40 µm 
thickness on a cryostat, and stored in PBS with azide for no more than three 
weeks prior to staining.  Tissue sections were assessed for EGFP expression on 
uncoated slides at low magnification, and six optimal sections were chosen for 
each rat sample (Fig. 15).  Selected free-floating tissue sections were 
permeabilized with 30 mM PIPES buffer-0.1% saponin for six hours at room 
temperature before postfixing in 4% PFA for five minutes.  Sections underwent 
four washes in buffer (TBS-0.3% Triton-X-100) for five minutes each.  Blocking 
was performed for 90 minutes at room temperature in buffer containing 10% 
Normal Donkey Serum (NDS).   
Primary polyclonal antibody directed against guinea-pig vesicular 
glutamate transporter 1 (vGlut1), at 1:4000 dilution (Millipore AB5905) in buffer 
containing 5% NDS was added for three nights at 4˚C, with agitation.  Sections 
were rinsed in buffer for three 20 minute washes and one 40 minute wash.  
DyLight649 anti-guinea pig secondary, 1:400 dilution (Jackson 
ImmunoResearch 706-495-148) in buffer containing 5% NDS was allowed to 
incubate overnight at 4˚C.  Sections were rinsed for five 20 minute washes in 
buffer, one 60 minute wash in buffer, and a final wash for 5 mins in 0.1M 
phosphate buffer before mounting to gel-coated slides.  Slides were dried, 
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coverslipped in Fluoromount-G mounting medium, and stored at 4˚C for at least 
one day prior to imaging (Fig. 15).  For each sample, a ―no primary‖ control was 
utilized to assess background fluorescence as well as nonspecific staining from 
the secondary antibody.  Sections from different rats were stained and imaged in 
parallel, and the experimenter was blinded with regard to treatment groups 
throughout all staining, imaging, and analysis procedures. 
 
Synaptic protein imaging via deconvolution microscopy 
EGFP-filled excitatory pyramidal neurons from the sensorimotor forelimb 
cortex region were identified by morphology.  A total of six rats were examined 
per treatment group.  For each rat, z-stacks of dendritic segments from five 
different neurons were imaged in each the basilar and proximal apical arbors.  
Apical and basilar arbors were differentiated by morphology, where apical arbors 
are characterized by a thick primary dendrite extending from the pial-most 
region of the neuron cell body towards the pial surface, and basilar dendrites 
comprise all other branches originating on the cell soma.  Dendritic segments 
analyzed were required to be at least 10 µm in length, and their dendritic 
protrusions had to be completely encapsulated within the z-stack.   
Z-stacks of images were taken on an inverted microscope (Olympus) using 
a 100x oil-immersion objective.  Focal planes were spaced 0.3 µm apart on the z-
axis, at 1024x1024 resolution, binning of 1x1. Image stacks were deconvoluted via 
softWoRx Deltavision (Applied Precision) and analyzed for density of vGlut1-
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positive puncta colocalized with EGFP with ImageJ software (NIH).  vGlut1+ 
puncta colocalized with EGFP-filled dendrites were counted and categorized 
according to their placement on the dendritic shaft or spine, as identified by 
morphology seen through the imaging stack (Fig. 15).   
 
Statistical analyses 
Prism 4 for Windows (GraphPad Software, Inc.) was used to analyze data 
via the two-tailed Student‘s t-test.  In all cases, p < 0.05 was regarded as 
statistically significant. 
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Figure 15. Methods used to stain and examine EGFP-filled dendrites in  
thinly-sliced tissue.   
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RESULTS 
vGlut1 immunohistochemistry identifies potential presynaptic 
terminals. 
 vGlut1 immunostaining patterns resembled previous published reports 
(Alonso-Nanclares et al., 2004; Cubelos et al., 2005; Melone et al., 2005; Kubota 
et al., 2007; Tabuchi et al., 2007), with punctuate arrangements seen throughout 
neocortical grey matter, but absent from neuronal somas (Fig. 16A).  This latter 
effect was well demonstrated in the hippocampus, where the stratum pyramidale 
was negative for vGlut1 immunoreactivity (Fig. 16B).  The vGlut1+ puncta were 
found at the distal tips of spines, where synapses are known to form (Harris et al., 
1992), in approximately 87% of spines analyzed (Figs. 17, 18).  Furthermore, ―no 
primary‖ controls expressed little to no signal, and the maximal light intensity 
values were less than 5% of that seen in stained tissue sections.  Given all this, the 
vGlut1+ puncta serve as a reliable indicator for potential presynaptic terminals. 
 
AAV-shNogo leads to reduced number of potential presynaptic 
connections onto apical dendrites. 
 Loss of postnatal Nogo-A, in neurons, was associated with a decrease in 
vGlut1+ puncta colocalizing onto dendrites (13.5 ± 1.3 colocalized puncta per 10 
µm dendrite for AAV-EGFP and 9.1 ± 1.1 for AAV-shNogo, p = 0.03, Fig. 19A).  
This change was due to a decrease in puncta at the dendritic shaft (2.5 ± 0.2 
colocalized puncta per 10 µm dendrite for AAV-EGFP and 1.6 ± 0.2 for AAV-
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shNogo, p = 0.01, Fig. 19B), and not due to the aforementioned decrease in 
dendritic spines because there were no significant changes seen in the density of 
colocalization with dendritic spines (10.5 ± 1.5 colocalized puncta per 10 µm 
dendrite for AAV-EGFP and 7.5 ± 0.9 for AAV-shNogo, p = 0.12, Fig. 19C).  
Indeed, the percentage of spines that colocalized with vGlut1+ puncta was not 
different between groups (86.5% ± 3.6 for AAV-EGFP and 83.2% ± 1.7 for AAV-
shNogo, p = 0.39, data not shown).  This suggests a potential loss in the density 
of presynaptic terminals situated on the apical dendritic shaft of animals with 
decreased postnatal, neuronal Nogo-A expression. 
 
Decreased postnatal levels of Nogo-A protein does not affect vGlut1+ 
colocalization with basilar dendrites. 
 Dendrites of the basilar arbor did not show a change in density of vGlut1+ 
colocalization in the total dendritic compartment (12.4 ± 1.9 colocalized puncta 
per 10 µm dendrite in AAV-EGFP, 10.8 ± 1.2 for AAV-shNogo, p = 0.49, Fig. 
20A), dendritic shafts (3.6 ± 0.6 colocalized puncta per 10 µm dendrite for AAV-
EGFP and 2.8 ± 0.4 for AAV-shNogo, p = 0.36, Fig. 20B), or dendritic spines (9.1 
± 1.6 colocalized puncta per 10 µm dendrite in AAV-EGFP, 7.9 ± 1.0 for AAV-
shNogo, p = 0.53, Fig. 20C).  As with the apical arbor, the percentage of spines 
that colocalized with vGlut1+ puncta was not different between groups (89.6% ± 
2.2 for AAV-EGFP and 89.3% ± 2.6 for AAV-shNogo, p = 0.93, data not shown).  
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Thus, the concentration of potential presynaptic terminals is unchanged in 
dendrites of the basilar arbor in response to Nogo-A knockdown. 
  
85 
 
          
  
Figure 16.  Representative vGlut1+ immunoreactivity.  (A) Neocortical 
layer V region with punctuate staining throughout the parenchyma, and 
pyramidal cell soma profiles visible by their lack of staining.  (B) Low-
magnification image of the hippocampus with staining absent from white matter 
and stratum pyramidale (arrowheads).  (C) Orthogonal view of stack taken on 
confocal microscope with 1 µm thick optical slices showing antibody penetration 
through the thickness of the tissue.  Scale bars denote (A) 300 and (B, C) 50 
micrometers.    
B A 
C 
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Figure 17.  vGlut1+ puncta and EGFP colocalization.  Deconvolved high 
magnification z-slice image of (A) spines in green, (B) vGlut1+ puncta in red, and 
(C) their colocalization in yellow.  Yellow arrowheads indicate dendritic 
colocalization; arrows indicate shaft synapse colocalization.  Scale bars indicate 1 
micrometer.  
A 
B 
C 
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Figure 18.  vGlut1+ puncta and EGFP colocalization.  Deconvolved high 
magnification z-slice image of (A) spines in green, (B) vGlut1+ puncta in red, and 
(C) their colocalization in yellow (yellow arrowheads).   Though the postsynaptic 
EGFP and presynaptic immunolabeled vGlut1 are present in separate cells, they 
appear colocalized because of the resolution restrictions of deconvolution 
microscopy.  Scale bar indicates 1 micrometer. 
A 
B 
C 
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Figure 19.  Colocalization of vGlut1 and EGFP-filled apical dendrites.  
(A) Postnatal, neuronal Nogo-A knockdown leads to a decrease in vGlut1 in apical 
dendrites of the sensorimotor cortex.  (B) This change can be attributed to the 
vGlut1+ puncta opposing the dendritic shaft compartment.  (C)There was no 
substantial change in the average number of colocalized puncta on the apical 
dendritic spines of these neurons.  Error bars indicate SEM, data pooled from 6 
animals per group, * indicates p < 0.05, two-tailed Mann-Whitney test.  
A 
B C 
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Figure 20.  Colocalization of vGlut1 and EGFP-filled basilar dendrites.  
(A) Postnatal, neuronal Nogo-A knockdown does not affect colocalization in 
basilar dendrites of the pyramidal cells of the neocortex.  (B) No differences in 
puncta density were distinguished on the dendrites of these neurons.  (C)  The 
density of vGlut in opposition to dendritic spines in the basilar arbor was 
unchanged following loss of Nogo-A in sensorimotor neurons.  Data pooled from 
6 animals per group, error bars indicate SEM.  
B 
A 
C 
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DISCUSSION 
 We found that loss of Nogo-A in a subset of developing neurons affected 
the density of a potential presynaptic partner, vGlut1, in the apical compartment 
of the dendritic arbor.  This decreased density of vGlut1-immunoreactive puncta 
was attributed to a 36% loss of potential synapses onto dendritic shafts, as 
opposed to dendritic spines, since the percentage of apical spines with a potential 
presynaptic partner was similar between groups.  These results are consistent 
with the hypothesis that neuronal Nogo-A regulates properties of the excitatory 
synapse in the apical arbor of neocortical pyramidal neurons.   
 Our previous study of Nogo-A‘s effects on dendritic spines did not address 
the possibility of a compensatory increase in excitatory synapses onto the 
dendritic shaft (Mateos et al., 2007).  Moreover, dendritic spines may contain 
more than one synapse, and approximately 4-10% of neocortical spines have no 
synaptic connections (Gray, 1959; Arellano et al., 2007b).  Computational models 
have shown inputs via shaft synapses, though they have less computational 
potential than spine synapses, have been predicted by cable theory to inject more 
direct current into the dendrite (Byrne, 2003).  Shaft synapses have also been 
shown to have a larger PSD area than spine synapses (Rusakov et al., 1998).  
Dendritic shaft synapses are also less likely to have a perforated morphology than 
spine synapses (Anderson and Martin, 2006).   
 Functionally, the decreased density in potential shaft synapses seen in 
response to reduced Nogo-A levels may represent a loss in inputs that would have 
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a strong influence on dendritic integration, though further studies would be 
needed to confirm this.  For example, defining a synaptic populations‘ functional 
state requires ultrastructural, electrophysiological, and FM-styryl dye labeling 
approaches to locate synaptic assembly, confirm that the neurons are capable of 
communication, and identify sites of spontaneous synaptic vesicle recycling, 
respectively.  Additionally, cross-synaptic immunohistochemistry is needed to 
confirm that presynaptic machinery is found in opposition to postsynaptic 
structures (Ahmari and Smith, 2002).  Interestingly, the percentage of potential 
shaft synapses seen in even the control group (19% of total potential synapses) is 
higher than would be expected in hippocampal pyramidal neurons of adult rats 
and is more typical of a pre-pubertal stage of development (Boyer et al., 1998). 
 vGlut1 is primarily found in vesicles in nerve terminals, where it aids 
glutamatergic transmission.  It is widely expressed throughout various brain 
regions and layers of the neocortex (Fremeau et al., 2001).  While immunogold 
labeling has shown the transporter to be present in a small subset of astrocytic 
processes, it was estimated to be at a sevenfold lower intensity than that seen in 
axon terminals (Bezzi et al., 2004), and thus this background staining seems to 
be a minor limitation to accurately identifying potential presynaptic boutons, in 
light of other restrictions to defining functional synapses discussed above.   
 Dendritic neurotransmitter release has been reported in neocortical layers 
2/3, and while it is entirely probable that neurons from layer 5 can release 
glutamate in a retrograde signaling mechanism, we are unaware of any such 
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reports at the time of this writing (Jenstad et al., 2009).  Important to the current 
study, vGlut1 is not located in dendrites, though vGlut3 is (Fremeau et al., 2004).   
Our finding of no changes to the density of vGlut1+ puncta opposing 
dendrites of the basilar tree in this same population of neurons is interesting, but 
slight differences in Nogo-A regulation between different regions of the dendritic 
arbor has been observed in hippocampal dendrites.  In the CA1 region, 11C7 
treatment led to an increase in basilar dendritic complexity, but no change to 
apical complexity.  In the CA3, the same treatment led to a decrease in length of 
proximal apical dendrites, but an increase in length of distal apical dendrites, and 
no change to basilar dendrites (Zagrebelsky et al., 2010).  Our finding of no 
change to the basilar arbor is also in keeping with our results on spine density 
(Chapter 3) and may also account for the unchanged levels in PSD-95 mRNA in 
regions of transduced neocortex, since the tissue microdissection attempted to 
isolate the deeper cortical layers (Chapter 4).  The basilar arbor has both common 
and distinct inputs with the proximal apical arbor.  In the sensorimotor cortex, 
the basilar tree shares inputs from intralaminar layer 5 connections as does the 
proximal apical tree, but the basilar arbor also receives input from layer 3 
neurons as well (Deuchars et al., 1994; Lubke et al., 1996; Thomson and 
Bannister, 1998).  Excitatory postsynaptic potential (EPSP) recordings from the 
soma of Layer 5 neurons of the frontal agranular cortex have shown that these 
connections are associated with different N MDA receptor subunit compositions.  
Stimulation via callosal inputs, such as those one would expect from layer 3, that 
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have shown to preferentially synapse onto the basilar arbor, was enhanced by an 
agent that preferentially promotes inputs from NR2A-containing NMDA 
receptors.  Conversely, EPSPs elicited from stimulation of local intralaminar 
fibers that one could expect to synapse onto both proximal apical and basilar 
arbors, were dampened by a NR2B-subunit specific antagonist (Kumar and 
Huguenard 2003).  Thus, the intracortical and intercortical neurons that have 
been shown to synapse onto different regions of the dendritic tree also house 
different subunit compositions of the NMDA receptor.  Our previous work 
(Chapter 4) has shown these same NMDA receptor subunits to be differentially 
affected by Nogo-A knockdown.  Specifically, we observed a decrease in NR2B 
with no substantial change to NR2A subunit expression.  It is possible that 
postnatal, neuronal Nogo-A may alter dendritic connectivity, in part by 
differentially influencing glutamatergic input to the Layer 5 pyramidal neurons. 
 The changes described here in response to altered levels of Nogo-A 
represent a novel function for Nogo-A in influencing potential dendritic shaft 
synapses of the apical tree.  The presence of Nogo-A within these dendrites and 
synapses has been verified by immunohistochemistry and immunoblot of 
synaptosomes (Pradhan, 2007; Lee et al., 2008; Grunewald et al., 2009; Raiker 
et al., 2010).  The decrease in potential dendritic shaft synapses represents a 
means by which Nogo-A further regulates stability at the excitatory synapse.  
Ultimately, this work aids in our understanding of the functions of this important 
therapeutic target in the intact nervous system. 
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CHAPTER SIX 
GENERAL DISCUSSION 
 
 This project has demonstrated that postnatal loss of neuronal Nogo-A via 
viral-mediated knockdown leads to a statistically significant reduction in the 
densities of apical spines on Layer V pyramidal neurons of the sensorimotor 
cortex.  This same treatment resulted in a third fewer potential excitatory 
dendritic shaft synapses seen in opposition to dendrites of these neurons, as 
visualized by vGlut1 immunohistochemistry.  Postnatal, neuronal Nogo-A 
knockdown also resulted in a shift in dendritic spine morphology in the proximal 
apical dendrites, including decreases in thin and stable mushroom spines that are 
important for learning and memory, respectively.  Further alterations in dendritic 
spine morphology included fewer protrusions with very long necks when 
compared to the control group, and fewer protrusions of moderately-wide 
diameter.  The decrease in very long spines translates into a population of spines 
with less current injection into the parent dendrite.  These changes were not 
observed in the basilar arbor of the same neurons.    
 To further investigate the synaptic phenotype of these neurons, regions of 
AAV-transduced tissue were examined for changes in mRNA of molecules 
fundamental to excitatory synaptic function.  Samples of tissue that had received  
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Figure 21.  Summary of results. EGFP-filled apical dendrites are depicted in 
green.  The magnitude of the decrease in levels of Neuroligin-1 and NMDA 
receptor subunits is much larger than what would predicted by the decrease in 
dendritic synapses alone, hence the decreased amount of these molecules at an 
individual synapse.  
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AAV-shNogo-A had less Nogo-A when compared to samples from the control 
group.  We found that knockdown did not significantly alter the amount of Nogo-
B mRNA, which indicates a lack of compensatory coupling with Nogo-B 
expression that has been reported in Nogo-A knockout mice (Dimou et al., 2006).  
However, the remaining Nogo-B may still confound our results, as it has the 
Nogo-66 loop that can signal through NgR1.  Both groups examined had similar 
levels of PSD-95, but there was a decrease in the relative amounts of Neuroligin-1 
and in NMDA receptor subunit NR2B message transcripts in samples lacking 
postnatal neuronal Nogo-A when compared to samples from control animals.  
There was a trend towards decreased NR2A in Nogo-A knockdown samples, and 
mean amounts of NR2A showed a decrease when compared to the control group, 
though the change was not statistically significant. Overall, we did observe a 
decrease in molecules known to be important at the excitatory synapse, though 
some elements of the synapse remained unchanged.  
 Synaptic structures are key for synaptic plasticity.  Decreases in synapse 
and spine density and changes to spine morphology lead to disruptions in 
information processing.  These features, as seen in pyramidal neurons of the 
neocortex, are also hallmarks of several neurological disorders, including 
Schizophrenia and Alzheimer‘s disease (el Hachimi and Foncin, 1990; Garey et 
al., 1998; Fiala et al., 2002a).   The time course of spine loss in Alzheimer‘s 
disease correlates with the age of symptom onset (el Hachimi and Foncin, 1990; 
Scheff et al., 1990; Scheff and Price, 1993; Scheff et al., 1993).  Similarly, synapse 
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elimination in patients with Schizophrenia peaks at adolescence, and symptoms 
typically emerge at late adolescence and early adulthood (Garey et al., 1998).  
Schizophrenia and Alzheimer‘s disease are also associated with a decrease in 
overall concentrations of NMDA receptors (Penzes et al., 2011).   
 In the study of mental retardation, Down‘s syndrome is characterized by 
decreases in spine density and a reduction in dendritic arbor branching in the 
neocortex (Takashima et al., 1981; Takashima et al., 1994).  Autism spectrum 
disorders are associated with mutations in Neuroligins and their binding 
partners, Neurexins, as well as changes to spine density and morphology 
(Abrahams and Geschwind, 2008; Dahlhaus and El-Husseini, 2010).  Fragile X 
syndrome is caused by a loss of Fragile X Mental Retardation Protein (FMRP), a 
regulator of protein synthesis which promotes spine growth (Jin et al., 2004; 
Belmonte and Bourgeron, 2006).  FMRP directs the locations of mRNAs, 
including PSD-95, in response to metabotropic glutamate receptor activity (van 
Spronsen and Hoogenraad, 2010).   
 These conditions all have their own characteristic pathophysiology, but 
show these similar changes in synaptic features.  These features are also seen in 
the neocortex after postnatal Nogo-A knockdown, raising the question of a shared 
underlying molecular pathway.  Rho GTPases are regulators of the actin 
cytoskeleton, spine and synapse development, and Nogo-A signaling (Tashiro 
and Yuste, 2004; Lippman and Dunaevsky, 2005; Calabrese et al., 2006).   One 
of the main candidate genes in the Down‘s syndrome critical chromosomal region 
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regulates neuronal differentiation via RhoA (Berto et al., 2007).  Three of the 
thirteen genes known to be associated with X-linked mental retardation encode 
for Rho GTPases (Ramakers, 2000; Chelly and Mandel, 2001; Negishi and Katoh, 
2002; Govek et al., 2005; Nadif Kasri et al., 2009).  At least two Rho GTPases 
and one Rho GAP have been linked to Schizophrenia (Davidkova et al., 2003; 
Hashimoto et al., 2005; Hill et al., 2006).  A thorough behavior analysis of Nogo-
A knockout mice has revealed an increase in Schizophrenia-like behavior, with 
alterations in startle response, perseverative behavior, and increased sensitivity 
to the locomotor stimulating effects of amphetamine (Willi et al., 2009; Willi et 
al., 2010).  These changes were not seen in adult wild-type mice that had received 
anti-Nogo-A antibody treatment, suggesting that this phenotype is a product of 
alterations in development (Willi et al., 2010).  Further work examining RhoA 
and synaptic stabilization may help understand the connections between these 
conditions, and eventually aid in the development of therapies for affected 
individuals. 
 The decrease in dendritic spines seen here after postnatal Nogo-A 
knockdown stands in contrast to our laboratory‘s previous finding of increased 
spine density after middle cerebral artery occlusion and Nogo-A immunotherapy 
(Papadopoulos et al., 2006).  There are several possible reasons for this:  (1) In 
the present project, the Nogo-A knockdown was delivered at postnatal day 3, 
while anti-Nogo-A immunotherapy was given to an adult animal; therefore the 
age which Nogo-A signaling was disrupted could account for the different results 
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in spine density. (2) Nogo-A may have different signaling mechanisms from 
different cellular compartments, and while the knockdown targeted all Nogo-A 
molecules in the neuron—those at the surface as well as the ER—the antibody 
treatment was only able to affect the relatively small proportion of Nogo-A 
molecules that were at the plasma membrane.  Finally, (3) oligodendrocyte-
associated Nogo-A was still present in the knockdown paradigm but not in the 
immunotherapy treatment.  Our Nogo-A knockdown primarily targeted neurons, 
and the presence of Nogo-A in other cell types such as oligodendrocytes may have 
resulted in the differences between this project and our earlier study 
(Papadopoulos et al., 2006). 
 We attempted a pilot study to determine if Nogo-A knockdown led to a 
behavioral change that could be measured using standard tests of rodent 
behavior.  In this regard, postnatal Nogo-A knockdown in the sensorimotor 
cortex and hippocampus did not affect spatial navigation or swim speed as 
measured using the Morris water maze (Appendix).  This may be due to several 
possible reasons.  First, AAV-delivery was targeted to a large region of 
hippocampus, and the viral transduction was simply too low, or did not cover 
enough of the extent of the dorso-ventral axis.  Groups examining other gene 
targets have found cognitive measures of behavior after AAV-mediated gene 
delivery, though injection was limited to nuclei or small regions of the brain (Bahi 
et al., 2009; Alexander et al., 2010; Spiteri et al., 2010).  Similarly, non-cognitive 
changes to coordination were observed after injecting AAV containing a gene for 
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a neurotrophic factor into large regions of the cerebral cortex (Airavaara et al., 
2010).  It is also possible that the lack of changes seen to spatial navigation 
behavior in our study is the fact that Nogo-A may have a relatively minor role at 
the synapse, compared to essential components of vesicular release machinery 
such as voltage-gated calcium channels, or SNARE proteins, for example.  
Overexpression of the botulism target SNAP-25 in the adult hippocampus via 
AAV leads to memory impairment via Morris water maze despite only 8% 
transfection efficiency (McKee et al., 2010).  However, while we did not count 
cells to assess transduction efficiency, the density of EGFP-positive cells in our 
work was comparable to the number of neurons stained for a Golgi reaction, 
which would be approximately 1% of neurons.  If our efficiency of transduction 
had been higher or more uniform, we anticipate postnatal Nogo-A knockdown 
would have affected spatial navigation or locomotion on the Morris water maze. 
 
FUNCTION OF NEURONAL NOGO-A IN PYRAMIDAL NEURONS 
Postsynaptic Nogo-A signaling  
 Together, these results show that loss of neuronal Nogo-A in postnatal 
development leads to a decrease in synaptic structures and associated molecules.  
These findings are in keeping with the hypothesis that Nogo-A functions to 
maintain synaptic structures, a hypothesis that has recently been demonstrated 
in other cell types.  In the developing PNS, Nogo-A-mediated facilitation of 
neurite branching (Petrinovic et al., 2010).  Nogo-A knockout or blockade by 11C7 
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anti-Nogo-A antibody lead to increased neurite length and decreased branch 
formation in DRG dissociated cultures.  DRG explant cultures exposed to the 
same treatments showed increased length and fasciculation of neurites.   
Blockade of NgR, Lingo1, or ROCK produced similar results in both cell culture 
systems.  In the embryonic hindlimb, injection of 11C7 led to axons that failed to 
grow out from the plexus area or formed aberrant pathways that did not extend 
through the full area of the limb, while injection of control antibodies did not 
alter peripheral nerve formation.  Nogo-A knockout mouse embryos show 
decreased length and width of hindlimb nerves (Petrinovic et al., 2010).  The 
addition of 11C7 antibodies to hippocampal slice cultures led to decrease in apical 
complexity in CA3, but a decrease in complexity in the basilar tree of neurons of 
the CA1.  This treatment also led to an increase in the density of stubby spines in 
the apical tree of CA3 pyramidal neurons (Zagrebelsky et al., 2010).   
 Nogo-A and its receptor NgR1 are present at both the pre and postsynaptic 
structures in cortical pyramidal neurons (Pradhan, 2007; Grunewald et al., 2009; 
Raiker et al., 2010).  We can be sure of loss of Nogo-A at the postsynaptic 
structure because shNogo and EGFP were expressed on the same plasmid.  We 
did not observe EGFP-filled fibers synapsing onto or intersecting the dendrites 
examined, but we can not exclude the possibility of Nogo-A knockdown on the 
presynaptic terminal as the majority of neurons expressed EGFP only at the soma 
and not in their dendrites or axons (Fig. 5, 6).  As such, Nogo-A may or may not 
have been expressed at the presynaptic terminal (Fig. 23).  This may be remedied  
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Figure 22.  Model for synaptic stabilization via Nogo-A.  Neuronal Nogo-
A may signal through NgR1 or integrins.  Dark arrows indicate signal pathways 
Nogo-A is known to activate in neurons.  Grey arrows indicate pathways that 
have been shown in other neuronal signaling cascades.  Activated forms of 
molecules are shown in black, inactive forms are shown italicized, in grey.  Inset 
shows area enlarged.  ―?‖ indicates an outcome seen in response to Integrins in 
other neuronal contexts, but have not been reported in Nogo-A/Integrin 
signaling pathways.  See p. xiv for abbreviations.  
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Figure 23.  Potential mechanism by which Nogo-A knockdown 
destabilizes synapses.  Loss of postsynaptic Nogo-A induced NgR1 and 
Integrin signaling can lead to a loss of synapse-stabilizing signaling schemes, 
including the inactivation of Cofilin via phosphorylation.  Nogo-A in axon 
terminal is indicated by a dashed line signifying it may or may not be deleted in 
our knockdown paradigm (see text).  Inset indicates a lower magnification of the 
region that has been enlarged.    
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in future studies by use of a stronger, more persistent promoter. 
 The possibility of Nogo-A signaling through an autocrine mechanism may 
contribute to the findings described here.  Nogo-A-mediated activation of NgR1 
can mediate growth cone collapse through increasing actin contractility by way of 
RhoA/ROCK-mediated activation of Myosin II.  Nogo-A induced RhoA/ROCK 
activation is also known to activate LIM kinase (LIMK), which in turn inactivates 
Cofilin by phosphorylation.  This inactivation of Cofilin blocks its ability to sever 
the negative end of F-actin filaments, which slows actin turnover and helps create 
an environment of synaptic stability.  The LIMK-Cofilin mechanism of Nogo-A 
signaling may account for some of our results (Figs. 22, 23).  However, Cofilin is 
only one of many actin-binding proteins, so additional signaling pathways may be 
responsible for our results.  Amino-Nogo-A has demonstrated the ability to signal 
through integrins, which are known to mediate synaptic and spine stability 
through actin cytoskeleton dynamics (Gerrow and El-Husseini, 2006; Shi and 
Ethell, 2006; Webb et al., 2007; Cingolani and Goda, 2008; Hu and Strittmatter, 
2008; Carlson et al., 2010). 
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Growth cone collapse vs. dendritic stabilization 
Differences in Nogo-A induced signaling cascades may account for how 
reduction of an axonal inhibitory molecule (Fig. 1) can decrease spine density and 
expression of synaptic molecules (Fig. 23), when one would initially expect an 
increase in these latter parameters.  At sites of established neuronal-neuronal 
contact, Nogo-A may stabilize the cytoskeleton through RhoA/LIM kinase/Cofilin 
mechanism.  At the axonal growth cone, oligodendrocyte or neuronal Nogo-A 
communicates through RhoA/MLCK/MyosinII pathway to stabilize actin and 
thereby halt growth cone advancement.  A careful review of the literature 
demonstrates that other axonal inhibitory molecules have also demonstrated the 
phenomenon of promoting dendritic sprouting and plasticity, such as ephrinB3, 
semaphorin 3A, Slit1, and Netrin-1.  Various mechanisms have been proposed to 
account for this.  In the case of the axonal outgrowth inhibitor ephrinB3, earlier 
reports had established mechanisms that can modulate their signaling such as 
forward/reverse signaling between ephrins and their ‗receptors,‘ the Ephs (Aoto 
et al., 2007).  For semaphorin3A, a guanylate cyclase gradient appears to govern 
the nature of the response so it can inhibit axonal outgrowth and still promote 
dendritic branching (Polleux et al., 2000; Morita et al., 2006).  
Some axon guidance molecules have multiple effects dependent on which 
of its many known receptors the molecule encounters.  For example, the axon 
guidance cue Slit1 can promote dendritic growth (Whitford et al., 2002), but it is 
also known to repel or attract axons based on the presence of different robo 
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receptors the axon encounters.  Likewise, Netrin-1, which promotes dendritic 
growth (Suli et al., 2006), helps axons cross the CNS midline in embryonic 
development because it can be attractive toward the midline prior to crossing and 
repulsive once the axon has crossed the midline, based on the presence of a 
matrix metalloprotease that truncates DCC receptors (Galko and Tessier-Lavigne, 
2000).  The Netrin-1 molecule can also signal through Unc5h receptors, which 
inhibit axonal growth cones (Hong et al., 1999).  
The mechanisms by which some molecules control dendritic development 
are yet to be discovered.  For example, manipulations of Neurotrophin-3 levels 
can lead to opposing effects of dendritic growth in different cortical layers.  
Specifically, Neurotrophin-3 appears to negatively regulate dendritic branching 
in layer 4 and promote branching in layer 6 (McAllister et al., 1997).  Further 
studies are needed to confirm the molecular mechanisms (Fig. 22) whereby 
Nogo-A can simultaneously stabilize dendritic synapses and destabilize growth 
cones in the injured CNS. 
  
FUTURE DIRECTIONS 
One of the most valuable studies of this system would be studies to clarify 
the molecular mechanisms responsible for the decrease in spines and synaptic 
molecules seen in response to reduction in neuronal Nogo-A.  To study the 
proposed neuronal Nogo-A signaling pathways (Figs. 22, 23), a neuron primary 
culture model would be ideal.  If plated at ideal density, many synaptic features 
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that are seen in vivo can also be seen in vitro, including dendritic spines (Murphy 
and Andrews, 2000; Vicario-Abejon, 2004).  The first experiment needed to 
confirm the proposed mechanisms would be demonstration that Nogo-A 
knockdown destabilizes actin, which could be confirmed by an F/G-actin ratio 
assay.  This would also be more useful as a more economical, non-anatomical 
endpoint than spine analysis or staining of synapse-associated proteins.  Because 
the F/G-actin ratio can also be examined in vivo, this assay could also be used in 
our in vivo model to confirm that cell culture transfection model has similar 
traits.  
If the F/G actin ratio could be used as a reliable endpoint of Nogo-A-
mediated signaling, subsequent experiments might use a double-transfection 
technique with plasmids containing different fluorescent markers for different 
receptors and downstream effectors.  Additionally, NgR1 antibodies, ROCK 
inhibitors, cofilin inhibitory peptide, and Rho-A inhibitors could be employed to 
tease out the signaling pathways involved.  Other endpoints such as pull-down 
assays or a RhoA G-LISA activation assay would be useful means to examine 
Nogo-A signaling.   
The validation of this model and these results by a second virus that would 
target a different region of Nogo-A is a second potential direction.  Also, a 
tetracycline or doxycycline on/off system would be excellent means to study if 
these effects are due to spine and synaptic maintenance or developmental 
windows that regulate these properties.  Recently, the Schwab lab has developed 
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a line of Nogo-A knockout rats that are currently under investigation.  This line 
has miRNA directed against Nogo-A expressed in nearly all neurons, and a 
comparison of our two models would be a good way to study the effects of 
intracellular vs. intercellular-acting Nogo-A.   
It would also be interesting to investigate the role of Nogo-A at the 
inhibitory synapses of these neurons, although this line of inquiry does less to 
address the mechanisms at hand.  This could be examined by 
immunohistochemistry of gephryn and GABA transporters, although 
ultrastructural analysis would be a better means to study structural changes.  As 
with excitatory connections, FM-styryl dye cycling and electrophysiology studies 
are needed in addition to fluorescent imaging methods, to completely describe a 
molecule‘s effect on synapses. 
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APPENDIX: PILOT EXPERIMENTS 
SPATIAL MEMORY TESTING FOLLOWING NOGO-A SILENCING  
IN THE POSTNATAL RAT HIPPOCAMPUS 
 
RATIONALE 
  Synapses have been postulated to be the physical sites where molecular 
memory mechanisms, such as those required for LTP, are housed (Segal, 2005).  
A well-studied and practical paradigm to examine memory is the Morris water 
navigation test, although this behavioral test assesses changes on a much broader 
scale than the molecular level of a single synapse.  Nonetheless, studies involving 
the Morris water maze and LTP paradigms have frequently shown the two results 
correlate with changes in spine density (Morris et al., 1986; Tang et al., 2001; 
Eyre et al., 2003; Segal, 2005; Lee et al., 2008).  Furthermore, it has previously 
been shown that Nogo-A immunotherapy results in improved cognitive recovery 
following CNS lesions (Lenzlinger et al., 2005; Gillani et al., 2010).  Therefore, we 
assessed the effect of postnatal Nogo-A silencing in the hippocampus on spatial 
navigation, to determine if neuronal Nogo-A is required for development of the 
cognitive capabilities required for the Morris water maze. 
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METHODS 
Husbandry 
  P3 male rat pups were cryoanesthetized and injected with AAV2/8, as 
described in chapter 3.  Vehicle rats treated identical to AAV-injected rats, except 
they received injections of sterile PBS.  Vehicle injected, AAV-EGFP, AAV-
Zsgreen-shLuciferase, and AAV-EGFP-shNogo groups were comprised of 10, 14, 
14, and 15 rats, respectively.  Morris water navigation testing commenced on P52.  
This study was conducted using protocols approved by the Edward Hines Jr. VA 
Hospital Institutional Animal Care and Use Committee in accordance with 
National Institutes of Health principles of laboratory animal care. 
 
Morris water navigation testing 
Place testing consisted of four trials per day, for six consecutive days, with 
each trial separated by at least 10 minutes.  A 6‘ diameter pool was filled with 
22˚C water, made opaque by addition of white tempera paint.  A white, 2‖ square 
platform was submerged 2 cm below the surface of the water.  Starting locations 
were randomized daily.  The rat was gently lowered into the pool, facing the 
inside wall of the pool, and allowed to swim until he found the platform or until 
two minutes had expired.   
One probe trial was performed, on day seven.  This testing procedure was 
identical to hidden platform testing, except that the platform had been removed 
from the pool.  Each rat swam for two minutes.  
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Matching-to-Place testing occurred over five consecutive days (days eight-
twelve), in which the rat was introduced to the pool twice a day, with 20 seconds 
between trials.  The location of the hidden platform changed daily, in a 
randomized manner.  The rat was allowed three minutes to find the platform.  
 For each test, swim paths were digitized by Noldus Ethovision Software.  
Place and Matching-to-place paths were analyzed for trial time, total distance 
traveled, swim velocity, thigmotaxis, and route circuitry.  Trial time, total 
distance traveled, and average swim velocity were determined for each trial by 
Noldus Ethovision.  This software was also used to measure thigmotaxic 
behavior, by defining an inner and outer portion of the pool, and recalculating 
the distance traveled in each region.  Route circuitry was calculated as the 
quotient of total distance traveled divided by the displacement distance from the 
trial starting point to the nearest edge of the hidden platform.  
Place task paths were also analyzed for the degree of heading direction 
error within the first 5 seconds of each trial.  Heading direction error was 
investigated using Oriana circular statistics program by first assessing angular 
variance (r) for each rat over the first six days of the Place task.  Angular variance 
ranges from 0 to 1, with 0 indicating random heading direction, and 1 indicating 
all heading angles point to the same direction.  Among groups where angular 
variance was equal, we then generated a mean heading direction angle for each 
rat on each day of the Place task, and then compared mean heading direction 
angles for each day across groups. 
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Statistics 
For the Probe trial, the preference score, P = [(T-A) + (T-B) + (T-C)]/3, 
was calculated as in (Brown et al., 2000), and analyzed by ANOVA with Tukey 
post-hoc testing (Graphpad).  Mean heading direction angles were compared 
using the Watson-Williams F test in Oriana (Wallace et al., 2002).  All other data 
was analyzed by repeated-measures ANOVA with Tukey post-hoc testing (SPSS).  
In all cases, p > 0.05 was regarded as significant. 
 
 
RESULTS 
 Postnatal, neuronal Nogo-A knockdown as described here does not lead to 
impairment in short or long term spatial memory, as measured by the Morris 
water maze place (p = 0.22 for distance traveled and p = 0.82 for latency to find 
the platform, App. Fig. 3) and matching-to place tests (p > 0.99 for time to find 
the platform during the second trial, App. Fig. 5), respectively.  No differences 
were observed with regards to swim velocity on the place test (p = 0.34, App. Fig. 
4).   Similarly, no significant differences were observed between groups in the 
probe trial (p = 0.98) or thigmotaxic behavior (p = 0.80).  Furthermore, 
navigation strategies appear to be unchanged, as determined by route circuitry 
and heading direction analysis (data not shown).  
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App. Figure 1.  Experimental design, including behavioral testing and 
swim paths representative normal animals on select testing days.  
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App. Figure 2.  Hippocampal neuron transduction with AAV2/8.The 
green color indicates a virally transduced neuron (EGFP). Note the layer of 
transduced pyramidal neurons in the CA1 region. Pictures were taken at 5x, 20x, 
and 63x magnification.  63x photos were taken on scanning confocal microscope.  
Scale bars indicate 10 microns.  Adapted from Paxinos and Watson, 2006. 
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App. Figure 3.  Long-term memory performance on the Morris water 
maze place task.  No significant differences were observed between groups for 
(A) time or (B) distance traveled per trial.  Data pooled from 10 (Vehicle), 14 
(EGFP), 14 (shLuc), and 15 (shNogo) animals per group.  Error bars indicate 
SEM.  
A 
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App. Figure 4.  Short-term memory performance on the Morris water 
maze matching-to-place task.  No significant differences were observed 
between groups for the time it took to find the platform for either Trial 1 or Trial 
2.  Data pooled from 10 (Vehicle), 14 (EGFP), 14 (shLuc), and 15 (shNogo) 
animals per group.  Error bars indicate SEM.   
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App. Figure 5. Swimming velocities were not significantly different 
between treatment groups.  Data pooled from 10 (Vehicle), 14 (EGFP), 14 
(shLuc), and 15 (shNogo) animals per group.  Error bars indicate SEM. 
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CONCLUSION 
 Previous reports have noted a change to cognitive behavioral testing 
following CNS injury and Nogo-A immunotherapy (Brenneman et al., 2008; 
Gillani et al., 2010).  While the results here do not support the hypothesis that 
Nogo-A is required for development of spatial memory, there are a few points to 
consider.  First, interpretation is limited by the fact that the virus did not 
transfect the entire hippocampus (App. Fig. 2), and redundancy within the 
structure may compensate for any loss in function.  Second, the behavioral test 
may not be sensitive enough to detect changes that may have occurred in this 
system on a molecular scale.  Third, the peak of Schaffer collateral synaptogenesis 
at P7 would fall earlier than the expected peak in AAV2/8 expression in the CNS 
at P17 or later (Reimsnider et al., 2007). As such this experiment does not 
address the potential role of synaptogenesis, merely the possibility of Nogo-A in a 
maintenance role in later postnatal development.   
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APPENDIX: PILOT EXPERIMENTS 
HIPPOCAMPAL SPINE DENSITY AND MORPHOLOGY FOLLOWING  
NOGO-A SILENCING IN THE POSTNATAL RAT 
 
RATIONALE 
 Given our result of decreased spine density in the pyramidal neurons of 
the sensorimotor cortex, we sought to examine the pyramidal neurons of the 
hippocampus due to several similarities between the two neuronal populations.  
Both sets of excitatory pyramidal neurons have been well-studied as models of 
synaptic plasticity.  Additionally, both populations show similar Nogo-A 
expression patterns, with high levels of protein expressed in development and 
lower levels in adulthood (Meier et al., 2003; Hasegawa et al., 2005).  As such, 
hippocampal neurons appeared ideally suited for studies on the effect of Nogo-A 
in spine density and morphology.   
 The striatum radiatum is a band running throughout the hippocampus 
that houses the proximal dendrites of the pyramidal neuron‘s apical tree.  A 
single neuron in the CA1 region receives inputs from as many as 5000 axons 
traveling through Schaffer collateral pathway, originating in the CA3 region of the 
hippocampus (Kandel, 2000).  We found no change in spine density and a 
decrease in filopodial spine morphology following postnatal, neuronal Nogo-A 
knockdown. 
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METHODS 
 Rats that had been injected at P3 and had been examined for behavioral 
deficit by Morris water maze (App., above) were used for this study.  An inclusion 
criterion was based on neuron transduction, as assessed by EGFP.  AAV-EGFP 
and AAV-shNogo groups were comprised of 8 and 7 rats, respectively.  Spines 
were analyzed as also described in Chapter 3, with the exception that dendrites 
were imaged in the striatum radiatum from pyramidal neurons of hippocampal 
region CA1.   
 
RESULTS 
Spine density and morphology in the Hippocampal CA1 region 
following loss of postnatal, neuronal Nogo-A 
 Nine weeks after AAV delivery, no changes in spine density were observed 
between groups (p = 0.27, App. Fig 6A).  A 53% decrease in filopodia-type 
protrusion density was seen in AAV-shNogo group (1.3 ± 0.2 filopodia/10 µm 
dendrite), when compared to the AAV-EGFP group (0.7 ± 0.1 filopodia/10 µm 
dendrite, p = 0.02, App. Fig. 6B).  However, no other changes in spine 
morphology were observed between groups, including measurements of spine 
length (0.89 µm ± 0.05 for AAV-EGFP and 1.00 µm ± 0.10 for AAV-shNogo, p = 
0.29) and head diameter (0.59 µm ± 0.03 for AAV-EGFP and 0.62 µm ± 0.03 for 
AAV-shNogo, p = 0.50). 
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App. Figure 6.  Hippocampal CA1 region spine density and 
morphology following postnatal loss of Nogo-A. (A) No substantial 
differences were observed in spine density.  (B) A decrease in filopodia-type 
protrusions was observed.  Data pooled from 8 (EGFP) and 7 (shNogo) animals 
per group.  Error bars indicate SEM, * indicates p < 0.05, two-tailed Student‘s t-
test   
A 
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CONCLUSIONS 
 The region of the dendritic arbor studied here, apical segments at least 100 
µm distal to the soma, has been shown to be more sensitive to changes in spine 
density and morphology (Gould et al., 1990; Pyapali and Turner, 1994).  We also 
targeted both populations of neurons involved at the CA1 spine for Nogo-A 
knockdown.  Nevertheless, our finding of no change to spine density in the 
postnatal hippocampus following Nogo-A knockdown is in keeping with similar 
work in the adult following blockade of Nogo-A (Zagrebelsky et al., 2010) and 
NgR1 (Lee et al., 2008).   
 The reported spine density of CA1 neurons of the intact adult, male rat 
ranges from 9 spines/10 micrometers of dendrite (Knafo et al., 2004) to more 
than twice the density we have seen here, as assessed by the Golgi method 
(Norrholm and Ouimet, 2000; Gonzalez-Burgos et al., 2004; Stranahan et al., 
2008) and DiI labeling (Cunningham et al., 2007).  In an effort to transfect as 
many neurons as possible, in the hopes of seeing behavioral effects, it is possible 
that we may have raised the background level to the point where signal was lost 
to high background noise.   
 One possible reason for similar spine densities between groups may be the 
remaining levels of Nogo-B (Chapter 4).  Nogo-B, like Nogo-A, can signal through 
NgR1 via the Nogo-66 loop.  Inducible, Nogo-A/B knockout models may aid in 
future investigation of neuronal Nogo-A signaling in postnatal development.  
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APPENDIX: PILOT EXPERIMENTS 
DENDRITIC MORPHOLOGY AND SPINE DENISTY IN THE 
FORELIMB SENSORIMOTOR CORTEX OF NOGO-A KNOCKOUT 
MICE 
 
RATIONALE 
 Alterations in dendritic plasticity have been shown in response to Nogo-A 
antibody therapy in rats that had received middle cerebral artery occlusion, an 
experimental model of stroke (Papadopoulos et al., 2006).  Naïve rats that receive 
the same antibody regimen demonstrate transient changes to spine density 
(Papadopoulos et al., 2006).  Similarly, cultured neocortical neurons of Nogo-A 
knockout mice display altered neurite morphology (Mingorance-Le Meur et al., 
2007), and the dendritic structure of hippocampal neurons is altered in response 
to Nogo-A knockout, knockdown, and antibody occlusion (Zagrebelsky et al., 
2010).   
We chose to examine the dendritic structure of neocortical neurons of 
Nogo-A knockout mice that had over 10 generations of backcrossing to the 
129X1/SvJ strain.  This rigorous backcrossing reduces experimental variation by 
eliminating genetic influence of the C57BL/6 strain.  129X1/SvJ Nogo-A 
knockout mice differ from Nogo-A knockout mice with C57BL/6 genetic 
background in that the former strain has a slight increase in regenerative 
potential, and a reduced immune response after injury (Dimou et al., 2006).  
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METHODS 
Golgi-Cox Staining and Analysis 
 Adult Nogo-A knockout mice that had been backcrossed to the 129X1/SvJ 
line were anesthetized with an overdose of pentobarbital, transcardially perfused, 
and their brains were prepared for Golgi-Cox stain.  After coronal slicing at 200 
µm on a vibratome, brains were stained and coverslipped as previously described 
as in (Gibb and Kolb, 1998; Papadopoulos et al., 2006).  Large pyramidal 
neurons from the forelimb sensorimotor cortex were located in layer V by 
morphology and with the aid of a mouse stereotaxic brain atlas (Paxinos and 
Franklin, 2001).  Neurons that were intact, unobstructed, and fully impregnated 
were traced via camera lucida (see App. Fig. 7 for representative tracings).  Five 
neurons were traced per animal, for a total of seven mice in the wild-type group 
and eight mice for the Nogo-A knockout group.   
Dendritic length was approximated via the Sholl method, which counts the 
number of lines that intersect a series of concentric circles.  Dendritic complexity 
was calculated by counting the total number of branch points for each arbor.  For 
spine density analysis, the number of protrusions was counted for a 50 µm length 
of dendrite.   
 
Statistical Analysis 
Data was analyzed by two-tailed Student‘s t-test.  In all cases, p > 0.05 was 
regarded as significant.  
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RESULTS 
 Nogo-A knockout mice were similar to wild-type mice with regards to total 
dendritic arbor length (1537 ± 270 µm of dendrite for EGFP and 1465 ± 167 µm, p 
= 0.66).  We divided this data into apical (556 ± 72 µm of dendrite for wild-type 
and 532 ± 75 µm for knockout, p = 0.69) and basilar arbor (981 ± 224 µm of 
dendrite for wild-type and 933 ± 164 µm for knockout, p = 0.70, App. Fig. 8) 
compartments and saw no differences between groups.  Also, the complexity of 
the apical and basilar dendritic trees displayed no change between wild-type and 
Nogo-A knockout neurons (App. Fig. 9). 
 There was a slight trend toward increased average spine density in the 
Nogo-A knockout animals when examining both the apical and basilar 
compartments together (7.9 ± 2.1 spines per 10 µm dendrite for wild-type and 9.0 
± 1.9 spines per 10 µm for knockout, p = 0.08).  We further broke this data down 
into apical (8.5 ± 2.5 spines per 10 µm dendrite for EGFP and 8.0 ± 2.0 spines 
per 10 µm for Nogo-A knockout, p = 0.25) and basilar (7.9 ± 1.5 spines per 10 µm 
for EGFP and 8.5 ± 1.8 spines per 10 µm for knockout, p = 0.16, App. Fig. 10) 
compartments and saw no significant differences between groups. 
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App. Figure 7.  Representative Layer V pyramidal neuron tracings for 
wild-type and Nogo-A knockout mice.  Small numerals next to dendrites 
indicate the branch order.  Each time the dendrite split, both branches were 
counted for dendritic complexity analysis.  
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App. Figure 8.  Average length of dendrites in Layer V pyramidal 
neurons of Nogo-A knockout mice.  Length of dendritic trees was analyzed 
total arbor and by apical and basilar compartments.  Results were similar 
between groups.  Data pooled from 7 (wt) and 8 (KO) animals per group.  Error 
bars indicate SEM. 
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App. Figure 9.  Dendritic complexity of Nogo-A knockout mice.   
Dendritic bifurcation was similar between groups, at any level of branch order 
analyzed (two-tailed Student‘s t-test analyzed at each branch order point).  Data 
pooled from 7 (wt) and 8 (KO) animals per group.  Error bars denote SEM.  
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App. Figure 10.  Spine densities of Nogo-A knockout mice neurons of 
the neocortex.  (A) Representative segment of Golgi-Cox stained dendrite.  (B)  
Shown are the average spine densities per all dendritic segments, and for the 
apical and basilar arbors. No significant differences were observed between 
groups.  Data pooled from 7 (wt) and 8 (KO) animals per group.  Error bars 
denote SEM.   
A 
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CONCLUSION 
 We observed a slight trend of increased spine density in the Nogo-A 
knockdown group when compared to wild-type mice, though the p value did not 
cross the 0.05 threshold.  No significant differences were observed in gross 
dendritic structure, as assessed by length of dendrites or number of branches at 
any order. 
 It is important to note that this model targets Nogo-A from all cell types, 
and at all stages of development.  The use of mutant mice to study the effects of 
Nogo-A has created controversy for nearly eight years (Woolf, 2003; Teng and 
Tang, 2005).  Recently two of the three investigators that originally developed 
Nogo knockout mice have questioned the use of these animals to study CNS 
injury (Tuszynski and Schwab, 2010).  The challenges mainly center on effects of 
genetic background, the continued presence of other inhibitory molecules such as 
ephrin and semaphorin, and developmental compensation. For example, a two-
fold upregulation of Nogo-B protein in these animals may be a form of 
compensatory response to the genetic deletion of Nogo-A (Dimou et al., 2006).   
Phenotypically,  Nogo-A knockout mice with C57BL6 genetic background 
display alterations in midbrain dopaminergic signaling and schizophrenia-like 
behavior (Willi et al., 2010).  Nogo-A/B knockout mice have shown delayed 
closure of the optical dominance critical period (McGee et al., 2005).  While we 
have not observed significant, large-scale changes in plasticity at the level of 
dendritic architecture, it is possible that further segregation of spines into mid- 
and distal-apical trees would reveal changes in density, such as seen in the CA1 
[132] 
 
neurons of Nogo-A knockout mice with the C57BL/6 genetic background 
(Zagrebelsky et al., 2010).  Furthermore, alterations in neuronal plasticity in the 
neocortex may be detected by methods other than gross structural features, or 
may only be observable at certain stages of development.  Future studies in this 
area would benefit from addressing these possibilities as well as a combination of 
Nogo-A knockdown rats and antibody therapies directed against Nogo-A.   
 
  
133 
 
 
 
LITERATURE CITED 
NINDS fact sheet on spinal cord injury. 
Abelson JF, Kwan KY, O'Roak BJ, Baek DY, Stillman AA, Morgan TM, Mathews 
CA, Pauls DL, Rasin MR, Gunel M, Davis NR, Ercan-Sencicek AG, Guez DH, 
Spertus JA, Leckman JF, Dure LSt, Kurlan R, Singer HS, Gilbert DL, Farhi 
A, Louvi A, Lifton RP, Sestan N, State MW (2005) Sequence variants in 
SLITRK1 are associated with Tourette's syndrome. Science 310:317-320. 
Abrahams BS, Geschwind DH (2008) Advances in autism genetics: on the 
threshold of a new neurobiology. Nat Rev Genet 9:341-355. 
Acevedo L, Yu J, Erdjument-Bromage H, Miao RQ, Kim JE, Fulton D, Tempst P, 
Strittmatter SM, Sessa WC (2004) A new role for Nogo as a regulator of 
vascular remodeling. Nat Med 10:382-388. 
Aguayo AJ, David S, Bray GM (1981) Influences of the glial environment on the 
elongation of axons after injury: transplantation studies in adult rodents. J 
Exp Biol 95:231-240. 
Ahmari SE, Smith SJ (2002) Knowing a nascent synapse when you see it. Neuron 
34:333-336. 
Airavaara M, Chiocco MJ, Howard DB, Zuchowski KL, Peranen J, Liu C, Fang S, 
Hoffer BJ, Wang Y, Harvey BK (2010) Widespread cortical expression of 
MANF by AAV serotype 7: localization and protection against ischemic brain 
injury. Exp Neurol 225:104-113. 
Al Halabiah H, Delezoide A-L, Cardona A, Moalic J-M, Simonneau M (2005) 
Expression pattern of NOGO and NgR genes during human development. 
Gene Expression Patterns 5:561-568. 
Alexander B, Warner-Schmidt J, Eriksson T, Tamminga C, Arango-Lievano M, 
Ghose S, Vernov M, Stavarache M, Musatov S, Flajolet M, Svenningsson P, 
Greengard P, Kaplitt MG (2010) Reversal of depressed behaviors in mice by 
p11 gene therapy in the nucleus accumbens. Sci Transl Med 2:54ra76. 
Allocca M, Mussolino C, Garcia-Hoyos M, Sanges D, Iodice C, Petrillo M, 
Vandenberghe LH, Wilson JM, Marigo V, Surace EM, Auricchio A (2007) 
134 
 
 
Novel adeno-associated virus serotypes efficiently transduce murine 
photoreceptors. J Virol 81:11372-11380. 
Alonso-Nanclares L, Minelli A, Melone M, Edwards RH, Defelipe J, Conti F 
(2004) Perisomatic glutamatergic axon terminals: a novel feature of cortical 
synaptology revealed by vesicular glutamate transporter 1 immunostaining. 
Neuroscience 123:547-556. 
Aloy EM, Weinmann O, Pot C, Kasper H, Dodd DA, Rulicke T, Rossi F, Schwab 
ME (2006) Synaptic destabilization by neuronal Nogo-A. Brain Cell Biol 
35:137-156. 
Alvarez VA, Ridenour DA, Sabatini BL (2006) Retraction of synapses and 
dendritic spines induced by off-target effects of RNA interference. J 
Neurosci 26:7820-7825. 
Anderson JC, Martin KA (2006) Synaptic connection from cortical area V4 to V2 
in macaque monkey. J Comp Neurol 495:709-721. 
Aoto J, Ting P, Maghsoodi B, Xu N, Henkemeyer M, Chen L (2007) Postsynaptic 
ephrinB3 promotes shaft glutamatergic synapse formation. J Neurosci 
27:7508-7519. 
Arellano JI, Benavides-Piccione R, Defelipe J, Yuste R (2007a) Ultrastructure of 
dendritic spines: correlation between synaptic and spine morphologies. 
Front Neurosci 1:131-143. 
Arellano JI, Espinosa A, Fairen A, Yuste R, DeFelipe J (2007b) Non-synaptic 
dendritic spines in neocortex. Neuroscience 145:464-469. 
Atwal JK, Pinkston-Gosse J, Syken J, Stawicki S, Wu Y, Shatz C, Tessier-Lavigne 
M (2008) PirB is a functional receptor for myelin inhibitors of axonal 
regeneration. Science 322:967-970. 
Bagga S, Bracht J, Hunter S, Massirer K, Holtz J, Eachus R, Pasquinelli AE 
(2005) Regulation by let-7 and lin-4 miRNAs results in target mRNA 
degradation. Cell 122:553-563. 
Bahi A, Mineur YS, Picciotto MR (2009) Blockade of protein phosphatase 2B 
activity in the amygdala increases anxiety- and depression-like behaviors in 
mice. Biol Psychiatry 66:1139-1146. 
135 
 
 
Bandtlow C, Zachleder T, Schwab ME (1990) Oligodendrocytes arrest neurite 
growth by contact inhibition. J Neurosci 10:3837-3848. 
Bandtlow CE, Schmidt MF, Hassinger TD, Schwab ME, Kater SB (1993) Role of 
intracellular calcium in NI-35-evoked collapse of neuronal growth cones. 
Science 259:80-83. 
Bareyre FM, Haudenschild B, Schwab ME (2002) Long-lasting sprouting and 
gene expression changes induced by the monoclonal antibody IN-1 in the 
adult spinal cord. J Neurosci 22:7097-7110. 
Barrow SL, Constable JR, Clark E, El-Sabeawy F, McAllister AK, Washbourne P 
(2009) Neuroligin1: a cell adhesion molecule that recruits PSD-95 and 
NMDA receptors by distinct mechanisms during synaptogenesis. Neural Dev 
4:17. 
Belien AT, Paganetti PA, Schwab ME (1999) Membrane-type 1 matrix 
metalloprotease (MT1-MMP) enables invasive migration of glioma cells in 
central nervous system white matter. J Cell Biol 144:373-384. 
Belmonte MK, Bourgeron T (2006) Fragile X syndrome and autism at the 
intersection of genetic and neural networks. Nat Neurosci 9:1221-1225. 
Bence M, Arbuckle MI, Dickson KS, Grant SG (2005) Analyses of murine 
postsynaptic density-95 identify novel isoforms and potential translational 
control elements. Brain Res Mol Brain Res 133:143-152. 
Benson MD, Romero MI, Lush ME, Lu QR, Henkemeyer M, Parada LF (2005) 
Ephrin-B3 is a myelin-based inhibitor of neurite outgrowth. Proc Natl Acad 
Sci U S A 102:10694-10699. 
Berto G, Camera P, Fusco C, Imarisio S, Ambrogio C, Chiarle R, Silengo L, Di 
Cunto F (2007) The Down syndrome critical region protein TTC3 inhibits 
neuronal differentiation via RhoA and Citron kinase. J Cell Sci 120:1859-
1867. 
Bezzi P, Gundersen V, Galbete JL, Seifert G, Steinhauser C, Pilati E, Volterra A 
(2004) Astrocytes contain a vesicular compartment that is competent for 
regulated exocytosis of glutamate. Nat Neurosci 7:613-620. 
Biou V, Brinkhaus H, Malenka RC, Matus A (2008) Interactions between drebrin 
and Ras regulate dendritic spine plasticity. Eur J Neurosci 27:2847-2859. 
136 
 
 
Birmingham A, Anderson EM, Reynolds A, Ilsley-Tyree D, Leake D, Fedorov Y, 
Baskerville S, Maksimova E, Robinson K, Karpilow J, Marshall WS, 
Khvorova A (2006) 3' UTR seed matches, but not overall identity, are 
associated with RNAi off-targets. Nat Methods 3:199-204. 
Blanpied TA, Kerr JM, Ehlers MD (2008) Structural plasticity with preserved 
topology in the postsynaptic protein network. Proc Natl Acad Sci U S A 
105:12587-12592. 
Blundell J, Blaiss CA, Etherton MR, Espinosa F, Tabuchi K, Walz C, Bolliger MF, 
Sudhof TC, Powell CM (2010) Neuroligin-1 deletion results in impaired 
spatial memory and increased repetitive behavior. J Neurosci 30:2115-2129. 
Boyer C, Schikorski T, Stevens CF (1998) Comparison of hippocampal dendritic 
spines in culture and in brain. J Neurosci 18:5294-5300. 
Brenneman MM, Wagner SJ, Cheatwood JL, Heldt SA, Corwin JV, Reep RL, 
Kartje GL, Mir AK, Schwab ME (2008) Nogo-A inhibition induces recovery 
from neglect in rats. Behav Brain Res 187:262-272. 
Broekman ML, Comer LA, Hyman BT, Sena-Esteves M (2006) Adeno-associated 
virus vectors serotyped with AAV8 capsid are more efficient than AAV-1 or -
2 serotypes for widespread gene delivery to the neonatal mouse brain. 
Neuroscience 138:501-510. 
Brosamle C, Huber AB, Fiedler M, Skerra A, Schwab ME (2000) Regeneration of 
lesioned corticospinal tract fibers in the adult rat induced by a recombinant, 
humanized IN-1 antibody fragment. J Neurosci 20:8061-8068. 
Brown KM, Chu CY, Rana TM (2005) Target accessibility dictates the potency of 
human RISC. Nat Struct Mol Biol 12:469-470. 
Brown RW, Bardo MT, Mace DD, Phillips SB, Kraemer PJ (2000) D-
amphetamine facilitation of morris water task performance is blocked by 
eticlopride and correlated with increased dopamine synthesis in the 
prefrontal cortex. Behav Brain Res 114:135-143. 
Buss A, Sellhaus B, Wolmsley A, Noth J, Schwab ME, Brook GA (2005) 
Expression pattern of NOGO-A protein in the human nervous system. Acta 
Neuropathol 110:113-119. 
Byrne JH (2003) From Molecules to Networks: An Introduction to Cellular and 
Molecular Neuroscience. St Louis, Missouri: Academic. 
137 
 
 
Calabrese B, Halpain S (2005) Essential role for the PKC target MARCKS in 
maintaining dendritic spine morphology. Neuron 48:77-90. 
Calabrese B, Wilson MS, Halpain S (2006) Development and regulation of 
dendritic spine synapses. Physiology (Bethesda) 21:38-47. 
Caltharp SA, Pira CU, Mishima N, Youngdale EN, McNeill DS, Liwnicz BH, Oberg 
KC (2007) NOGO-A induction and localization during chick brain 
development indicate a role disparate from neurite outgrowth inhibition. 
BMC Dev Biol 7:32. 
Carlson SS, Valdez G, Sanes JR (2010) Presynaptic calcium channels and alpha3-
integrins are complexed with synaptic cleft laminins, cytoskeletal elements 
and active zone components. J Neurochem 115:654-666. 
Carmell MA, Zhang L, Conklin DS, Hannon GJ, Rosenquist TA (2003) Germline 
transmission of RNAi in mice. Nat Struct Biol 10:91-92. 
Caroni P, Schwab ME (1988) Antibody against myelin-associated inhibitor of 
neurite growth neutralizes nonpermissive substrate properties of CNS white 
matter. Neuron 1:85-96. 
Cearley CN, Wolfe JH (2007) A single injection of an adeno-associated virus 
vector into nuclei with divergent connections results in widespread vector 
distribution in the brain and global correction of a neurogenetic disease. J 
Neurosci 27:9928-9940. 
Chang LR, Liu JP, Zhang N, Wang YJ, Gao XL, Wu Y (2009) Different expression 
of NR2B and PSD-95 in rat hippocampal subregions during postnatal 
development. Microsc Res Tech 72:517-524. 
Cheatwood JL, Emerick AJ, Schwab ME, Kartje GL (2008) Nogo-A expression 
after focal ischemic stroke in the adult rat. Stroke 39:2091-2098. 
Chelly J, Mandel JL (2001) Monogenic causes of X-linked mental retardation. 
Nat Rev Genet 2:669-680. 
Chen MS, Huber AB, van der Haar ME, Frank M, Schnell L, Spillmann AA, Christ 
F, Schwab ME (2000) Nogo-A is a myelin-associated neurite outgrowth 
inhibitor and an antigen for monoclonal antibody IN-1. Nature 403:434-439. 
138 
 
 
Chen X, Winters C, Azzam R, Li X, Galbraith JA, Leapman RD, Reese TS (2008) 
Organization of the core structure of the postsynaptic density. Proc Natl 
Acad Sci U S A 105:4453-4458. 
Chen Y, Stallings RL (2007) Differential patterns of microRNA expression in 
neuroblastoma are correlated with prognosis, differentiation, and apoptosis. 
Cancer Res 67:976-983. 
Chen Y, Tang X, Cao X, Chen H, Zhang X (2006) Human Nogo-C overexpression 
induces HEK293 cell apoptosis via a mechanism that involves JNK-c-Jun 
pathway. Biochem Biophys Res Commun 348:923-928. 
Chivatakarn O, Kaneko S, He Z, Tessier-Lavigne M, Giger RJ (2007) The Nogo-
66 receptor NgR1 is required only for the acute growth cone-collapsing but 
not the chronic growth-inhibitory actions of myelin inhibitors. J Neurosci 
27:7117-7124. 
Cho KK, Khibnik L, Philpot BD, Bear MF (2009) The ratio of NR2A/B NMDA 
receptor subunits determines the qualities of ocular dominance plasticity in 
visual cortex. Proc Natl Acad Sci U S A 106:5377-5382. 
Choi S, Ko J, Lee JR, Lee HW, Kim K, Chung HS, Kim H, Kim E (2006) ARF6 
and EFA6A regulate the development and maintenance of dendritic spines. J 
Neurosci 26:4811-4819. 
Chomczynski P, Sacchi N (2006) The single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction: twenty-something 
years on. Nat Protoc 1:581-585. 
Chubykin AA, Atasoy D, Etherton MR, Brose N, Kavalali ET, Gibson JR, Sudhof 
TC (2007) Activity-dependent validation of excitatory versus inhibitory 
synapses by neuroligin-1 versus neuroligin-2. Neuron 54:919-931. 
Chytrova G, Ying Z, Gomez-Pinilla F (2008) Exercise normalizes levels of MAG 
and Nogo-A growth inhibitors after brain trauma. Eur J Neurosci 27:1-11. 
Cingolani LA, Goda Y (2008) Differential involvement of beta3 integrin in pre- 
and postsynaptic forms of adaptation to chronic activity deprivation. Neuron 
Glia Biol 4:179-187. 
Corson J, Nahmani M, Lubarsky K, Badr N, Wright C, Erisir A (2009) Sensory 
activity differentially modulates N-methyl-D-aspartate receptor subunits 2A 
and 2B in cortical layers. Neuroscience 163:920-932. 
139 
 
 
Corsten MF, Miranda R, Kasmieh R, Krichevsky AM, Weissleder R, Shah K 
(2007) MicroRNA-21 knockdown disrupts glioma growth in vivo and 
displays synergistic cytotoxicity with neural precursor cell delivered S-
TRAIL in human gliomas. Cancer Res 67:8994-9000. 
Cubelos B, Gimenez C, Zafra F (2005) Localization of the GLYT1 glycine 
transporter at glutamatergic synapses in the rat brain. Cereb Cortex 15:448-
459. 
Cunningham RL, Claiborne BJ, McGinnis MY (2007) Pubertal exposure to 
anabolic androgenic steroids increases spine densities on neurons in the 
limbic system of male rats. Neuroscience 150:609-615. 
Dahlhaus R, El-Husseini A (2010) Altered neuroligin expression is involved in 
social deficits in a mouse model of the fragile X syndrome. Behav Brain Res 
208:96-105. 
Dahlhaus R, Hines RM, Eadie BD, Kannangara TS, Hines DJ, Brown CE, Christie 
BR, El-Husseini A (2010) Overexpression of the cell adhesion protein 
neuroligin-1 induces learning deficits and impairs synaptic plasticity by 
altering the ratio of excitation to inhibition in the hippocampus. 
Hippocampus 20:305-322. 
Davidkova G, McCullumsmith RE, Meador-Woodruff JH (2003) Expression of 
ARHGEF11 mRNA in schizophrenic thalamus. Ann N Y Acad Sci 1003:375-
377. 
Davidson BL, Boudreau RL (2007) RNA interference: a tool for querying nervous 
system function and an emerging therapy. Neuron 53:781-788. 
Davis TH, Cuellar TL, Koch SM, Barker AJ, Harfe BD, McManus MT, Ullian EM 
(2008) Conditional loss of Dicer disrupts cellular and tissue morphogenesis 
in the cortex and hippocampus. J Neurosci 28:4322-4330. 
Delekate A, Zagrebelsky M, Kramer S, Schwab ME, Korte M (2011) NogoA 
restricts synaptic plasticity in the adult hippocampus on a fast time scale. 
Proc Natl Acad Sci U S A. 
Denovan-Wright EM, Rodriguez-Lebron E, Lewin AS, Mandel RJ (2008) 
Unexpected off-targeting effects of anti-huntingtin ribozymes and siRNA in 
vivo. Neurobiol Dis 29:446-455. 
140 
 
 
Der SD, Zhou A, Williams BR, Silverman RH (1998) Identification of genes 
differentially regulated by interferon alpha, beta, or gamma using 
oligonucleotide arrays. Proc Natl Acad Sci U S A 95:15623-15628. 
Deuchars J, West DC, Thomson AM (1994) Relationships between morphology 
and physiology of pyramid-pyramid single axon connections in rat neocortex 
in vitro. J Physiol 478 Pt 3:423-435. 
Dierssen M, Ramakers GJ (2006) Dendritic pathology in mental retardation: 
from molecular genetics to neurobiology. Genes Brain Behav 5 Suppl 2:48-
60. 
Dimou L, Schnell L, Montani L, Duncan C, Simonen M, Schneider R, Liebscher T, 
Gullo M, Schwab ME (2006) Nogo-A-deficient mice reveal strain-dependent 
differences in axonal regeneration. J Neurosci 26:5591-5603. 
Dodd DA, Niederoest B, Bloechlinger S, Dupuis L, Loeffler JP, Schwab ME 
(2005) Nogo-A, -B, and -C are found on the cell surface and interact together 
in many different cell types. J Biol Chem 280:12494-12502. 
Dodiya HB, Bjorklund T, Stansell Iii J, Mandel RJ, Kirik D, Kordower JH (2009) 
Differential Transduction Following Basal Ganglia Administration of 
Distinct Pseudotyped AAV Capsid Serotypes in Nonhuman Primates. Mol 
Ther. 
Dong B, Silverman RH (1997) A bipartite model of 2-5A-dependent RNase L. J 
Biol Chem 272:22236-22242. 
El-Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS (2000) PSD-95 
involvement in maturation of excitatory synapses. Science 290:1364-1368. 
el Hachimi KH, Foncin JF (1990) [Loss of dendritic spines in Alzheimer's 
disease]. C R Acad Sci III 311:397-402. 
Emerick AJ, Neafsey EJ, Schwab ME, Kartje GL (2003) Functional 
reorganization of the motor cortex in adult rats after cortical lesion and 
treatment with monoclonal antibody IN-1. J Neurosci 23:4826-4830. 
Endo T, Spenger C, Tominaga T, Brene S, Olson L (2007) Cortical sensory map 
rearrangement after spinal cord injury: fMRI responses linked to Nogo 
signalling. Brain 130:2951-2961. 
141 
 
 
Ethell IM, Pasquale EB (2005) Molecular mechanisms of dendritic spine 
development and remodeling. Prog Neurobiol 75:161-205. 
Eyre MD, Richter-Levin G, Avital A, Stewart MG (2003) Morphological changes 
in hippocampal dentate gyrus synapses following spatial learning in rats are 
transient. Eur J Neurosci 17:1973-1980. 
Fiala JC, Spacek J, Harris KM (2002a) Dendritic spine pathology: cause or 
consequence of neurological disorders? Brain Res Brain Res Rev 39:29-54. 
Fiala JC, Allwardt B, Harris KM (2002b) Dendritic spines do not split during 
hippocampal LTP or maturation. Nat Neurosci 5:297-298. 
Fiala JC, Feinberg M, Popov V, Harris KM (1998) Synaptogenesis via dendritic 
filopodia in developing hippocampal area CA1. J Neurosci 18:8900-8911. 
Fifkova E (1985) A possible mechanism of morphometric changes in dendritic 
spines induced by stimulation. Cell Mol Neurobiol 5:47-63. 
Fouad K, Klusman I, Schwab ME (2004) Regenerating corticospinal fibers in the 
Marmoset (Callitrix jacchus) after spinal cord lesion and treatment with the 
anti-Nogo-A antibody IN-1. Eur J Neurosci 20:2479-2482. 
Fournier AE, GrandPre T, Strittmatter SM (2001) Identification of a receptor 
mediating Nogo-66 inhibition of axonal regeneration. Nature 409:341-346. 
Fremeau RT, Jr., Voglmaier S, Seal RP, Edwards RH (2004) VGLUTs define 
subsets of excitatory neurons and suggest novel roles for glutamate. Trends 
Neurosci 27:98-103. 
Fremeau RT, Jr., Troyer MD, Pahner I, Nygaard GO, Tran CH, Reimer RJ, 
Bellocchio EE, Fortin D, Storm-Mathisen J, Edwards RH (2001) The 
expression of vesicular glutamate transporters defines two classes of 
excitatory synapse. Neuron 31:247-260. 
Freund P, Schmidlin E, Wannier T, Bloch J, Mir A, Schwab ME, Rouiller EM 
(2006) Nogo-A-specific antibody treatment enhances sprouting and 
functional recovery after cervical lesion in adult primates. Nat Med 12:790-
792. 
Fu Z, Logan SM, Vicini S (2005) Deletion of the NR2A subunit prevents 
developmental changes of NMDA-mEPSCs in cultured mouse cerebellar 
granule neurones. J Physiol 563:867-881. 
142 
 
 
Futai K, Kim MJ, Hashikawa T, Scheiffele P, Sheng M, Hayashi Y (2007) 
Retrograde modulation of presynaptic release probability through signaling 
mediated by PSD-95-neuroligin. Nat Neurosci 10:186-195. 
Galko MJ, Tessier-Lavigne M (2000) Function of an axonal chemoattractant 
modulated by metalloprotease activity. Science 289:1365-1367. 
Garey LJ, Ong WY, Patel TS, Kanani M, Davis A, Mortimer AM, Barnes TR, 
Hirsch SR (1998) Reduced dendritic spine density on cerebral cortical 
pyramidal neurons in schizophrenia. J Neurol Neurosurg Psychiatry 65:446-
453. 
Gerrow K, El-Husseini A (2006) Cell adhesion molecules at the synapse. Front 
Biosci 11:2400-2419. 
Gerrow K, Romorini S, Nabi SM, Colicos MA, Sala C, El-Husseini A (2006) A 
preformed complex of postsynaptic proteins is involved in excitatory synapse 
development. Neuron 49:547-562. 
Gibb R, Kolb B (1998) A method for vibratome sectioning of Golgi-Cox stained 
whole rat brain. J Neurosci Methods 79:1-4. 
Gillani RL, Tsai SY, Wallace DG, O'Brien TE, Arhebamen E, Tole M, Schwab ME, 
Kartje GL (2010) Cognitive recovery in the aged rat after stroke and anti-
Nogo-A immunotherapy. Behav Brain Res 208:415-424. 
Giza CC, Maria NS, Hovda DA (2006) N-methyl-D-aspartate receptor subunit 
changes after traumatic injury to the developing brain. J Neurotrauma 
23:950-961. 
Gonzalez-Burgos I, Lopez-Vazquez MA, Beas-Zarate C (2004) Density, but not 
shape, of hippocampal dendritic spines varies after a seizure-inducing acute 
dose of monosodium glutamate in rats. Neurosci Lett 363:22-24. 
Gonzenbach RR, Schwab ME (2008) Disinhibition of neurite growth to repair the 
injured adult CNS: focusing on Nogo. Cell Mol Life Sci 65:161-176. 
Gould E, Woolley CS, Frankfurt M, McEwen BS (1990) Gonadal steroids regulate 
dendritic spine density in hippocampal pyramidal cells in adulthood. J 
Neurosci 10:1286-1291. 
Govek EE, Newey SE, Van Aelst L (2005) The role of the Rho GTPases in 
neuronal development. Genes Dev 19:1-49. 
143 
 
 
Graf ER, Zhang X, Jin SX, Linhoff MW, Craig AM (2004) Neurexins induce 
differentiation of GABA and glutamate postsynaptic specializations via 
neuroligins. Cell 119:1013-1026. 
Gray EG (1959) Axo-somatic and axo-dendritic synapses of the cerebral cortex: 
an electron microscope study. J Anat 93:420-433. 
Gray NW, Weimer RM, Bureau I, Svoboda K (2006) Rapid redistribution of 
synaptic PSD-95 in the neocortex in vivo. PLoS Biol 4:e370. 
Grunewald E, Kinnell HL, Porteous DJ, Thomson PA (2009) GPR50 interacts 
with neuronal NOGO-A and affects neurite outgrowth. Mol Cell Neurosci 
42:363-371. 
Grutzendler J, Kasthuri N, Gan WB (2002) Long-term dendritic spine stability in 
the adult cortex. Nature 420:812-816. 
Guest JD, Hesse D, Schnell L, Schwab ME, Bunge MB, Bunge RP (1997) 
Influence of IN-1 antibody and acidic FGF-fibrin glue on the response of 
injured corticospinal tract axons to human Schwann cell grafts. J Neurosci 
Res 50:888-905. 
Hannila SS, Filbin MT (2008) The role of cyclic AMP signaling in promoting 
axonal regeneration after spinal cord injury. Exp Neurol 209:321-332. 
Hardingham GE, Bading H (2010) Synaptic versus extrasynaptic NMDA receptor 
signalling: implications for neurodegenerative disorders. Nat Rev Neurosci 
11:682-696. 
Harel NY, Strittmatter SM (2006) Can regenerating axons recapitulate 
developmental guidance during recovery from spinal cord injury? Nat Rev 
Neurosci 7:603-616. 
Harper SQ, Staber PD, He X, Eliason SL, Martins IH, Mao Q, Yang L, Kotin RM, 
Paulson HL, Davidson BL (2005) RNA interference improves motor and 
neuropathological abnormalities in a Huntington's disease mouse model. 
Proc Natl Acad Sci U S A 102:5820-5825. 
Harris AZ, Pettit DL (2007) Extrasynaptic and synaptic NMDA receptors form 
stable and uniform pools in rat hippocampal slices. J Physiol 584:509-519. 
Harris KM, Jensen FE, Tsao B (1992) Three-dimensional structure of dendritic 
spines and synapses in rat hippocampus (CA1) at postnatal day 15 and adult 
144 
 
 
ages: implications for the maturation of synaptic physiology and long-term 
potentiation. J Neurosci 12:2685-2705. 
Hasegawa T, Ohno K, Sano M, Omura T, Omura K, Nagano A, Sato K (2005) The 
differential expression patterns of messenger RNAs encoding Nogo-A and 
Nogo-receptor in the rat central nervous system. Brain Res Mol Brain Res 
133:119-130. 
Hashimoto R, Yoshida M, Kunugi H, Ozaki N, Yamanouchi Y, Iwata N, Suzuki T, 
Kitajima T, Tatsumi M, Kamijima K (2005) A missense polymorphism 
(H204R) of a Rho GTPase-activating protein, the chimerin 2 gene, is 
associated with schizophrenia in men. Schizophr Res 73:383-385. 
Hill JJ, Hashimoto T, Lewis DA (2006) Molecular mechanisms contributing to 
dendritic spine alterations in the prefrontal cortex of subjects with 
schizophrenia. Mol Psychiatry 11:557-566. 
Holtmaat A, Wilbrecht L, Knott GW, Welker E, Svoboda K (2006) Experience-
dependent and cell-type-specific spine growth in the neocortex. Nature 
441:979-983. 
Hong K, Hinck L, Nishiyama M, Poo MM, Tessier-Lavigne M, Stein E (1999) A 
ligand-gated association between cytoplasmic domains of UNC5 and DCC 
family receptors converts netrin-induced growth cone attraction to 
repulsion. Cell 97:927-941. 
Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu S, 
Noronha A, Manoharan M, Akira S, de Fougerolles A, Endres S, Hartmann G 
(2005) Sequence-specific potent induction of IFN-alpha by short interfering 
RNA in plasmacytoid dendritic cells through TLR7. Nat Med 11:263-270. 
Hu F, Strittmatter SM (2008) The N-terminal domain of Nogo-A inhibits cell 
adhesion and axonal outgrowth by an integrin-specific mechanism. J 
Neurosci 28:1262-1269. 
Hu F, Liu BP, Budel S, Liao J, Chin J, Fournier A, Strittmatter SM (2005) Nogo-A 
interacts with the Nogo-66 receptor through multiple sites to create an 
isoform-selective subnanomolar agonist. J Neurosci 25:5298-5304. 
Huber AB, Weinmann O, Brosamle C, Oertle T, Schwab ME (2002) Patterns of 
Nogo mRNA and protein expression in the developing and adult rat and 
after CNS lesions. J Neurosci 22:3553-3567. 
145 
 
 
Hunt D, Coffin RS, Prinjha RK, Campbell G, Anderson PN (2003) Nogo-A 
expression in the intact and injured nervous system. Mol Cell Neurosci 
24:1083-1102. 
Jenstad M, Quazi AZ, Zilberter M, Haglerod C, Berghuis P, Saddique N, Goiny M, 
Buntup D, Davanger S, FM SH, Barnes CA, McNaughton BL, Ottersen OP, 
Storm-Mathisen J, Harkany T, Chaudhry FA (2009) System A transporter 
SAT2 mediates replenishment of dendritic glutamate pools controlling 
retrograde signaling by glutamate. Cereb Cortex 19:1092-1106. 
Jin P, Zarnescu DC, Ceman S, Nakamoto M, Mowrey J, Jongens TA, Nelson DL, 
Moses K, Warren ST (2004) Biochemical and genetic interaction between 
the fragile X mental retardation protein and the microRNA pathway. Nat 
Neurosci 7:113-117. 
Josephson A, Widenfalk J, Widmer HW, Olson L, Spenger C (2001) NOGO 
mRNA expression in adult and fetal human and rat nervous tissue and in 
weight drop injury. Exp Neurol 169:319-328. 
Joset A, Dodd DA, Halegoua S, Schwab ME (2010) Pincher-generated Nogo-A 
endosomes mediate growth cone collapse and retrograde signaling. J Cell 
Biol 188:271-285. 
Judge AD, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan I (2005) 
Sequence-dependent stimulation of the mammalian innate immune 
response by synthetic siRNA. Nat Biotechnol 23:457-462. 
Kandel E, Schwartz, JH, Jessell, TM (2000) Principles of Neural Science, 4th 
Edition: McGraw-Hill Medical. 
Kelleher D, Long A (1992) Development and characterization of a protein kinase 
C beta-isozyme-deficient T-cell line. FEBS Lett 301:310-314. 
Khvorova A, Reynolds A, Jayasena SD (2003) Functional siRNAs and miRNAs 
exhibit strand bias. Cell 115:209-216. 
Kumar SS, Huguenard JR (2003) Pathway-specific differences in subunit 
composition of synaptic NMDA receptors on pyramidal neurons of the 
neocortex. J Neurosci 23:10074-83. 
Kim DH, Behlke MA, Rose SD, Chang MS, Choi S, Rossi JJ (2005) Synthetic 
dsRNA Dicer substrates enhance RNAi potency and efficacy. Nat Biotechnol 
23:222-226. 
146 
 
 
Kim J, Jung SY, Lee YK, Park S, Choi JS, Lee CJ, Kim HS, Choi YB, Scheiffele P, 
Bailey CH, Kandel ER, Kim JH (2008) Neuroligin-1 is required for normal 
expression of LTP and associative fear memory in the amygdala of adult 
animals. Proc Natl Acad Sci U S A 105:9087-9092. 
Kim JE, Liu BP, Park JH, Strittmatter SM (2004) Nogo-66 receptor prevents 
raphespinal and rubrospinal axon regeneration and limits functional 
recovery from spinal cord injury. Neuron 44:439-451. 
Kiseleva E, Morozova KN, Voeltz GK, Allen TD, Goldberg MW (2007) Reticulon 
4a/NogoA locates to regions of high membrane curvature and may have a 
role in nuclear envelope growth. J Struct Biol 160:224-235. 
Knafo S, Ariav G, Barkai E, Libersat F (2004) Olfactory learning-induced increase 
in spine density along the apical dendrites of CA1 hippocampal neurons. 
Hippocampus 14:819-825. 
Kopec CD, Li B, Wei W, Boehm J, Malinow R (2006) Glutamate receptor 
exocytosis and spine enlargement during chemically induced long-term 
potentiation. J Neurosci 26:2000-2009. 
Koprivica V, Cho KS, Park JB, Yiu G, Atwal J, Gore B, Kim JA, Lin E, Tessier-
Lavigne M, Chen DF, He Z (2005) EGFR activation mediates inhibition of 
axon regeneration by myelin and chondroitin sulfate proteoglycans. Science 
310:106-110. 
Krichevsky AM (2007) MicroRNA profiling: from dark matter to white matter, or 
identifying new players in neurobiology. ScientificWorldJournal 7:155-166. 
Kritz AB, Yu J, Wright PL, Wan S, George SJ, Halliday C, Kang N, Sessa WC, 
Baker AH (2008) In Vivo Modulation of Nogo-B Attenuates Neointima 
Formation. Mol Ther. 
Kuang E, Wan Q, Li X, Xu H, Zou T, Qi Y (2006) ER stress triggers apoptosis 
induced by Nogo-B/ASY overexpression. Exp Cell Res 312:1983-1988. 
Kubota Y, Hatada S, Kondo S, Karube F, Kawaguchi Y (2007) Neocortical 
inhibitory terminals innervate dendritic spines targeted by thalamocortical 
afferents. J Neurosci 27:1139-1150. 
Lee H, Raiker SJ, Venkatesh K, Geary R, Robak LA, Zhang Y, Yeh HH, Shrager P, 
Giger RJ (2008) Synaptic function for the Nogo-66 receptor NgR1: 
147 
 
 
regulation of dendritic spine morphology and activity-dependent synaptic 
strength. J Neurosci 28:2753-2765. 
Lenzlinger PM, Shimizu S, Marklund N, Thompson HJ, Schwab ME, Saatman 
KE, Hoover RC, Bareyre FM, Motta M, Luginbuhl A, Pape R, Clouse AK, 
Morganti-Kossmann C, McIntosh TK (2005) Delayed inhibition of Nogo-A 
does not alter injury-induced axonal sprouting but enhances recovery of 
cognitive function following experimental traumatic brain injury in rats. 
Neuroscience 134:1047-1056. 
Levinson JN, El-Husseini A (2005) Building excitatory and inhibitory synapses: 
balancing neuroligin partnerships. Neuron 48:171-174. 
Levinson JN, Li R, Kang R, Moukhles H, El-Husseini A, Bamji SX (2010) 
Postsynaptic scaffolding molecules modulate the localization of neuroligins. 
Neuroscience 165:782-793. 
Li M, Song J (2007) The N- and C-termini of the human Nogo molecules are 
intrinsically unstructured: bioinformatics, CD, NMR characterization, and 
functional implications. Proteins 68:100-108. 
Lippman J, Dunaevsky A (2005) Dendritic spine morphogenesis and plasticity. J 
Neurobiol 64:47-57. 
Liu XB, Murray KD, Jones EG (2004) Switching of NMDA receptor 2A and 2B 
subunits at thalamic and cortical synapses during early postnatal 
development. J Neurosci 24:8885-8895. 
Liu YY, Jin WL, Liu HL, Ju G (2003) Electron microscopic localization of Nogo-A 
at the postsynaptic active zone of the rat. Neurosci Lett 346:153-156. 
Loschinger J, Bandtlow CE, Jung J, Klostermann S, Schwab ME, Bonhoeffer F, 
Kater SB (1997) Retinal axon growth cone responses to different 
environmental cues are mediated by different second-messenger systems. J 
Neurobiol 33:825-834. 
Lowery LA, Van Vactor D (2009) The trip of the tip: understanding the growth 
cone machinery. Nat Rev Mol Cell Biol 10:332-343. 
Lubke J, Markram H, Frotscher M, Sakmann B (1996) Frequency and dendritic 
distribution of autapses established by layer 5 pyramidal neurons in the 
developing rat neocortex: comparison with synaptic innervation of adjacent 
neurons of the same class. J Neurosci 16:3209-3218. 
148 
 
 
Makeyev EV, Maniatis T (2008) Multilevel regulation of gene expression by 
microRNAs. Science 319:1789-1790. 
Manche L, Green SR, Schmedt C, Mathews MB (1992) Interactions between 
double-stranded RNA regulators and the protein kinase DAI. Mol Cell Biol 
12:5238-5248. 
Markus TM, Tsai SY, Bollnow MR, Farrer RG, O'Brien TE, Kindler-Baumann DR, 
Rausch M, Rudin M, Wiessner C, Mir AK, Schwab ME, Kartje GL (2005) 
Recovery and brain reorganization after stroke in adult and aged rats. Ann 
Neurol 58:950-953. 
Marques JT, Devosse T, Wang D, Zamanian-Daryoush M, Serbinowski P, 
Hartmann R, Fujita T, Behlke MA, Williams BR (2006) A structural basis for 
discriminating between self and nonself double-stranded RNAs in 
mammalian cells. Nat Biotechnol 24:559-565. 
Mateos JM, Luthi A, Savic N, Stierli B, Streit P, Gahwiler BH, McKinney RA 
(2007) Synaptic modifications at the CA3-CA1 synapse after chronic AMPA 
receptor blockade in rat hippocampal slices. J Physiol 581:129-138. 
Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H (2004) Structural basis of 
long-term potentiation in single dendritic spines. Nature 429:761-766. 
McAllister AK, Katz LC, Lo DC (1997) Opposing roles for endogenous BDNF and 
NT-3 in regulating cortical dendritic growth. Neuron 18:767-778. 
McGee AW, Yang Y, Fischer QS, Daw NW, Strittmatter SM (2005) Experience-
driven plasticity of visual cortex limited by myelin and Nogo receptor. 
Science 309:2222-2226. 
McKee AG, Loscher JS, O'Sullivan NC, Chadderton N, Palfi A, Batti L, Sheridan 
GK, O'Shea S, Moran M, McCabe O, Fernandez AB, Pangalos MN, O'Connor 
JJ, Regan CM, O'Connor WT, Humphries P, Farrar GJ, Murphy KJ (2010) 
AAV-mediated chronic over-expression of SNAP-25 in adult rat dorsal 
hippocampus impairs memory-associated synaptic plasticity. J Neurochem 
112:991-1004. 
Meier S, Brauer AU, Heimrich B, Schwab ME, Nitsch R, Savaskan NE (2003) 
Molecular analysis of Nogo expression in the hippocampus during 
development and following lesion and seizure. Faseb J 17:1153-1155. 
149 
 
 
Melone M, Burette A, Weinberg RJ (2005) Light microscopic identification and 
immunocytochemical characterization of glutamatergic synapses in brain 
sections. J Comp Neurol 492:495-509. 
Miao RQ, Gao Y, Harrison KD, Prendergast J, Acevedo LM, Yu J, Hu F, 
Strittmatter SM, Sessa WC (2006) Identification of a receptor necessary for 
Nogo-B stimulated chemotaxis and morphogenesis of endothelial cells. Proc 
Natl Acad Sci U S A 103:10997-11002. 
Mingorance-Le Meur A, Zheng B, Soriano E, del Rio JA (2007) Involvement of 
the myelin-associated inhibitor Nogo-A in early cortical development and 
neuronal maturation. Cereb Cortex 17:2375-2386. 
Mingorance A, Fontana X, Sole M, Burgaya F, Urena JM, Teng FY, Tang BL, 
Hunt D, Anderson PN, Bethea JR, Schwab ME, Soriano E, del Rio JA (2004) 
Regulation of Nogo and Nogo receptor during the development of the 
entorhino-hippocampal pathway and after adult hippocampal lesions. Mol 
Cell Neurosci 26:34-49. 
Monfils MH, Teskey GC (2004) Induction of long-term depression is associated 
with decreased dendritic length and spine density in layers III and V of 
sensorimotor neocortex. Synapse 53:114-121. 
Montani L, Gerrits B, Gehrig P, Dimou L, Wollscheid B, Schwab ME (2009) 
Neuronal Nogo-A modulates growth cone motility via 
RhoGTP/LIMK1/cofilin in the unlesioned adult nervous system. J Biol 
Chem. 
Moore CD, Thacker EE, Larimore J, Gaston D, Underwood A, Kearns B, 
Patterson SI, Jackson T, Chapleau C, Pozzo-Miller L, Theibert A (2007) The 
neuronal Arf GAP centaurin alpha1 modulates dendritic differentiation. J 
Cell Sci 120:2683-2693. 
Morita A, Yamashita N, Sasaki Y, Uchida Y, Nakajima O, Nakamura F, Yagi T, 
Taniguchi M, Usui H, Katoh-Semba R, Takei K, Goshima Y (2006) 
Regulation of dendritic branching and spine maturation by semaphorin3A-
Fyn signaling. J Neurosci 26:2971-2980. 
Morris RG, Anderson E, Lynch GS, Baudry M (1986) Selective impairment of 
learning and blockade of long-term potentiation by an N-methyl-D-aspartate 
receptor antagonist, AP5. Nature 319:774-776. 
150 
 
 
Mukhopadhyay G, Doherty P, Walsh FS, Crocker PR, Filbin MT (1994) A novel 
role for myelin-associated glycoprotein as an inhibitor of axonal 
regeneration. Neuron 13:757-767. 
Murphy DD, Andrews SB (2000) Culture models for the study of estradiol-
induced synaptic plasticity. J Neurocytol 29:411-417. 
Nadif Kasri N, Nakano-Kobayashi A, Malinow R, Li B, Van Aelst L (2009) The 
Rho-linked mental retardation protein oligophrenin-1 controls synapse 
maturation and plasticity by stabilizing AMPA receptors. Genes Dev 
23:1289-1302. 
Nagerl UV, Kostinger G, Anderson JC, Martin KA, Bonhoeffer T (2007) 
Protracted synaptogenesis after activity-dependent spinogenesis in 
hippocampal neurons. J Neurosci 27:8149-8156. 
Nam CI, Chen L (2005) Postsynaptic assembly induced by neurexin-neuroligin 
interaction and neurotransmitter. Proc Natl Acad Sci U S A 102:6137-6142. 
Negishi M, Katoh H (2002) Rho family GTPases as key regulators for neuronal 
network formation. J Biochem (Tokyo) 132:157-166. 
Norrholm SD, Ouimet CC (2000) Chronic fluoxetine administration to juvenile 
rats prevents age-associated dendritic spine proliferation in hippocampus. 
Brain Res 883:205-215. 
Nusser Z, Lujan R, Laube G, Roberts JD, Molnar E, Somogyi P (1998) Cell type 
and pathway dependence of synaptic AMPA receptor number and variability 
in the hippocampus. Neuron 21:545-559. 
Oertle T, Schwab ME (2003) Nogo and its paRTNers. Trends Cell Biol 13:187-
194. 
Oertle T, van der Haar ME, Bandtlow CE, Robeva A, Burfeind P, Buss A, Huber 
AB, Simonen M, Schnell L, Brosamle C, Kaupmann K, Vallon R, Schwab ME 
(2003) Nogo-A inhibits neurite outgrowth and cell spreading with three 
discrete regions. J Neurosci 23:5393-5406. 
Overhoff M, Alken M, Far RK, Lemaitre M, Lebleu B, Sczakiel G, Robbins I 
(2005) Local RNA target structure influences siRNA efficacy: a systematic 
global analysis. J Mol Biol 348:871-881. 
151 
 
 
Paganetti PA, Caroni P, Schwab ME (1988) Glioblastoma infiltration into central 
nervous system tissue in vitro: involvement of a metalloprotease. J Cell Biol 
107:2281-2291. 
Papadopoulos CM, Tsai SY, Alsbiei T, O'Brien TE, Schwab ME, Kartje GL (2002) 
Functional recovery and neuroanatomical plasticity following middle 
cerebral artery occlusion and IN-1 antibody treatment in the adult rat. Ann 
Neurol 51:433-441. 
Papadopoulos CM, Tsai SY, Cheatwood JL, Bollnow MR, Kolb BE, Schwab ME, 
Kartje GL (2006) Dendritic plasticity in the adult rat following middle 
cerebral artery occlusion and Nogo-a neutralization. Cereb Cortex 16:529-
536. 
Parnass Z, Tashiro A, Yuste R (2000) Analysis of spine morphological plasticity 
in developing hippocampal pyramidal neurons. Hippocampus 10:561-568. 
Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates, 2 
edition Edition: Academic Press. 
Penzes P, Cahill ME, Jones KA, Vanleeuwen JE, Woolfrey KM (2011) Dendritic 
spine pathology in neuropsychiatric disorders. Nat Neurosci 14:285-293. 
Persengiev SP, Zhu X, Green MR (2004) Nonspecific, concentration-dependent 
stimulation and repression of mammalian gene expression by small 
interfering RNAs (siRNAs). Rna 10:12-18. 
Petrinovic MM, Duncan CS, Bourikas D, Weinman O, Montani L, Schroeter A, 
Maerki D, Sommer L, Stoeckli ET, Schwab ME (2010) Neuronal Nogo-A 
regulates neurite fasciculation, branching and extension in the developing 
nervous system. Development 137:2539-2550. 
Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29:e45. 
Polleux F, Morrow T, Ghosh A (2000) Semaphorin 3A is a chemoattractant for 
cortical apical dendrites. Nature 404:567-573. 
Popov VI, Bocharova LS, Bragin AG (1992) Repeated changes of dendritic 
morphology in the hippocampus of ground squirrels in the course of 
hibernation. Neuroscience 48:45-51. 
152 
 
 
Pradhan AD (2007) Role of Nogo-A in postnatal dendritic spine morphogenesis. 
In: Neuroscience. Chicago: Loyola University Chicago. 
Pradhan AD, Case AM, Farrer RG, Tsai SY, Cheatwood JL, Martin JL, Kartje GL 
(2010) Dendritic Spine Alterations in Neocortical Pyramidal Neurons 
following Postnatal Neuronal Nogo-A Knockdown. Dev Neurosci. 
Pyapali GK, Turner DA (1994) Denervation-induced dendritic alterations in CA1 
pyramidal cells following kainic acid hippocampal lesions in rats. Brain Res 
652:279-290. 
Raiker SJ, Lee H, Baldwin KT, Duan Y, Shrager P, Giger RJ (2010) 
Oligodendrocyte-myelin glycoprotein and Nogo negatively regulate activity-
dependent synaptic plasticity. J Neurosci 30:12432-12445. 
Ramakers GJ (2000) Rho proteins and the cellular mechanisms of mental 
retardation. Am J Med Genet 94:367-371. 
Rana TM (2007) Illuminating the silence: understanding the structure and 
function of small RNAs. Nat Rev Mol Cell Biol 8:23-36. 
Reimsnider S, Manfredsson FP, Muzyczka N, Mandel RJ (2007) Time course of 
transgene expression after intrastriatal pseudotyped rAAV2/1, rAAV2/2, 
rAAV2/5, and rAAV2/8 transduction in the rat. Mol Ther 15:1504-1511. 
Richardson PM, Issa VM, Aguayo AJ (1984) Regeneration of long spinal axons in 
the rat. J Neurocytol 13:165-182. 
Rodenas-Ruano A, Perez-Pinzon MA, Green EJ, Henkemeyer M, Liebl DJ (2006) 
Distinct roles for ephrinB3 in the formation and function of hippocampal 
synapses. Dev Biol 292:34-45. 
Rodriguez-Lebron E, Denovan-Wright EM, Nash K, Lewin AS, Mandel RJ (2005) 
Intrastriatal rAAV-mediated delivery of anti-huntingtin shRNAs induces 
partial reversal of disease progression in R6/1 Huntington's disease 
transgenic mice. Mol Ther 12:618-633. 
Rubin BP, Dusart I, Schwab ME (1994) A monoclonal antibody (IN-1) which 
neutralizes neurite growth inhibitory proteins in the rat CNS recognizes 
antigens localized in CNS myelin. J Neurocytol 23:209-217. 
Rusakov DA, Harrison E, Stewart MG (1998) Synapses in hippocampus occupy 
only 1-2% of cell membranes and are spaced less than half-micron apart: a 
153 
 
 
quantitative ultrastructural analysis with discussion of physiological 
implications. Neuropharmacology 37:513-521. 
Ryan MC, Zeeberg BR, Caplen NJ, Cleland JA, Kahn AB, Liu H, Weinstein JN 
(2008) SpliceCenter: a suite of web-based bioinformatic applications for 
evaluating the impact of alternative splicing on RT-PCR, RNAi, microarray, 
and peptide-based studies. BMC Bioinformatics 9:313. 
Sabatier C, Plump AS, Le M, Brose K, Tamada A, Murakami F, Lee EY, Tessier-
Lavigne M (2004) The divergent Robo family protein rig-1/Robo3 is a 
negative regulator of slit responsiveness required for midline crossing by 
commissural axons. Cell 117:157-169. 
Saumet A, Lecellier CH (2006) Anti-viral RNA silencing: do we look like plants? 
Retrovirology 3:3. 
Scheff SW, Price DA (1993) Synapse loss in the temporal lobe in Alzheimer's 
disease. Ann Neurol 33:190-199. 
Scheff SW, DeKosky ST, Price DA (1990) Quantitative assessment of cortical 
synaptic density in Alzheimer's disease. Neurobiol Aging 11:29-37. 
Scheff SW, Sparks L, Price DA (1993) Quantitative assessment of synaptic density 
in the entorhinal cortex in Alzheimer's disease. Ann Neurol 34:356-361. 
Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M, Greenberg 
ME (2006) A brain-specific microRNA regulates dendritic spine 
development. Nature 439:283-289. 
Schwab ME (2010) Functions of Nogo proteins and their receptors in the nervous 
system. Nat Rev Neurosci 11:799-811. 
Schwab ME, Caroni P (1988) Oligodendrocytes and CNS myelin are 
nonpermissive substrates for neurite growth and fibroblast spreading in 
vitro. J Neurosci 8:2381-2393. 
Schweigreiter R, Walmsley AR, Niederost B, Zimmermann DR, Oertle T, 
Casademunt E, Frentzel S, Dechant G, Mir A, Bandtlow CE (2004) Versican 
V2 and the central inhibitory domain of Nogo-A inhibit neurite growth via 
p75NTR/NgR-independent pathways that converge at RhoA. Mol Cell 
Neurosci 27:163-174. 
154 
 
 
Segal M (2005) Dendritic spines and long-term plasticity. Nat Rev Neurosci 
6:277-284. 
Seymour AB, Andrews EM, Tsai SY, Markus TM, Bollnow MR, Brenneman MM, 
O'Brien TE, Castro AJ, Schwab ME, Kartje GL (2005) Delayed treatment 
with monoclonal antibody IN-1 1 week after stroke results in recovery of 
function and corticorubral plasticity in adult rats. J Cereb Blood Flow Metab 
25:1366-1375. 
Shalizi A, Gaudilliere B, Yuan Z, Stegmuller J, Shirogane T, Ge Q, Tan Y, 
Schulman B, Harper JW, Bonni A (2006) A calcium-regulated MEF2 
sumoylation switch controls postsynaptic differentiation. Science 311:1012-
1017. 
Shi Y, Ethell IM (2006) Integrins control dendritic spine plasticity in 
hippocampal neurons through NMDA receptor and Ca2+/calmodulin-
dependent protein kinase II-mediated actin reorganization. J Neurosci 
26:1813-1822. 
Sivasankaran R, Pei J, Wang KC, Zhang YP, Shields CB, Xu XM, He Z (2004) 
PKC mediates inhibitory effects of myelin and chondroitin sulfate 
proteoglycans on axonal regeneration. Nat Neurosci 7:261-268. 
Sledz CA, Williams BRG (2004) RNA interference and double-stranded-RNA-
activated pathways. In, pp 952-956. 
Sledz CA, Holko M, de Veer MJ, Silverman RH, Williams BR (2003) Activation of 
the interferon system by short-interfering RNAs. Nat Cell Biol 5:834-839. 
Spiteri T, Musatov S, Ogawa S, Ribeiro A, Pfaff DW, Agmo A (2010) The role of 
the estrogen receptor alpha in the medial amygdala and ventromedial 
nucleus of the hypothalamus in social recognition, anxiety and aggression. 
Behav Brain Res 210:211-220. 
Stan A, Pielarski KN, Brigadski T, Wittenmayer N, Fedorchenko O, Gohla A, 
Lessmann V, Dresbach T, Gottmann K (2010) Essential cooperation of N-
cadherin and neuroligin-1 in the transsynaptic control of vesicle 
accumulation. Proc Natl Acad Sci U S A 107:11116-11121. 
Steiner P, Kulangara K, Sarria JC, Glauser L, Regazzi R, Hirling H (2004) 
Reticulon 1-C/neuroendocrine-specific protein-C interacts with SNARE 
proteins. J Neurochem 89:569-580. 
155 
 
 
Stranahan AM, Norman ED, Lee K, Cutler RG, Telljohann RS, Egan JM, Mattson 
MP (2008) Diet-induced insulin resistance impairs hippocampal synaptic 
plasticity and cognition in middle-aged rats. Hippocampus. 
Suli A, Mortimer N, Shepherd I, Chien CB (2006) Netrin/DCC signaling controls 
contralateral dendrites of octavolateralis efferent neurons. J Neurosci 
26:13328-13337. 
Sundaresan V, Mambetisaeva E, Andrews W, Annan A, Knoll B, Tear G, 
Bannister L (2004) Dynamic expression patterns of Robo (Robo1 and 
Robo2) in the developing murine central nervous system. J Comp Neurol 
468:467-481. 
Syken J, Grandpre T, Kanold PO, Shatz CJ (2006) PirB restricts ocular-
dominance plasticity in visual cortex. Science 313:1795-1800. 
Tabuchi K, Blundell J, Etherton MR, Hammer RE, Liu X, Powell CM, Sudhof TC 
(2007) A neuroligin-3 mutation implicated in autism increases inhibitory 
synaptic transmission in mice. Science 318:71-76. 
Tagami S, Eguchi Y, Kinoshita M, Takeda M, Tsujimoto Y (2000) A novel protein, 
RTN-XS, interacts with both Bcl-XL and Bcl-2 on endoplasmic reticulum 
and reduces their anti-apoptotic activity. Oncogene 19:5736-5746. 
Takashima S, Becker LE, Armstrong DL, Chan F (1981) Abnormal neuronal 
development in the visual cortex of the human fetus and infant with down's 
syndrome. A quantitative and qualitative Golgi study. Brain Res 225:1-21. 
Takashima S, Iida K, Mito T, Arima M (1994) Dendritic and histochemical 
development and ageing in patients with Down's syndrome. J Intellect 
Disabil Res 38 ( Pt 3):265-273. 
Tang YP, Wang H, Feng R, Kyin M, Tsien JZ (2001) Differential effects of 
enrichment on learning and memory function in NR2B transgenic mice. 
Neuropharmacology 41:779-790. 
Tashiro A, Yuste R (2004) Regulation of dendritic spine motility and stability by 
Rac1 and Rho kinase: evidence for two forms of spine motility. Mol Cell 
Neurosci 26:429-440. 
Teng FY, Tang BL (2005) Why do Nogo/Nogo-66 receptor gene knockouts result 
in inferior regeneration compared to treatment with neutralizing agents? J 
Neurochem 94:865-874. 
156 
 
 
Teng FY, Tang BL (2008) Nogo-A and Nogo-66 receptor in amyotrophic lateral 
sclerosis. J Cell Mol Med 12:1199-1204. 
Thallmair M, Metz GA, Z'Graggen WJ, Raineteau O, Kartje GL, Schwab ME 
(1998) Neurite growth inhibitors restrict plasticity and functional recovery 
following corticospinal tract lesions. Nat Neurosci 1:124-131. 
Thomson AM, Bannister AP (1998) Postsynaptic pyramidal target selection by 
descending layer III pyramidal axons: dual intracellular recordings and 
biocytin filling in slices of rat neocortex. Neuroscience 84:669-683. 
Tolias KF, Bikoff JB, Kane CG, Tolias CS, Hu L, Greenberg ME (2007) The Rac1 
guanine nucleotide exchange factor Tiam1 mediates EphB receptor-
dependent dendritic spine development. Proc Natl Acad Sci U S A 104:7265-
7270. 
Tompa P, Dosztanyi Z, Simon I (2006) Prevalent structural disorder in E. coli 
and S. cerevisiae proteomes. J Proteome Res 5:1996-2000. 
Tsai SY, Papadopoulos CM, Schwab ME, Kartje GL (2010) Delayed anti-nogo-a 
therapy improves function after chronic stroke in adult rats. Stroke 42:186-
190. 
Tuszynski M, Schwab M (2010) Mutant mice challenged as models of injury in 
the central nervous system. Nat Med 16:860. 
van Spronsen M, Hoogenraad CC (2010) Synapse pathology in psychiatric and 
neurologic disease. Curr Neurol Neurosci Rep 10:207-214. 
Varoqueaux F, Jamain S, Brose N (2004) Neuroligin 2 is exclusively localized to 
inhibitory synapses. Eur J Cell Biol 83:449-456. 
Vicario-Abejon C (2004) Long-term culture of hippocampal neurons. Curr Protoc 
Neurosci Chapter 3:Unit 3 2. 
Visvanathan J, Lee S, Lee B, Lee JW, Lee SK (2007) The microRNA miR-124 
antagonizes the anti-neural REST/SCP1 pathway during embryonic CNS 
development. Genes Dev 21:744-749. 
Voeltz GK, Prinz WA, Shibata Y, Rist JM, Rapoport TA (2006) A class of 
membrane proteins shaping the tubular endoplasmic reticulum. Cell 
124:573-586. 
157 
 
 
Wallace DG, Hines DJ, Pellis SM, Whishaw IQ (2002) Vestibular information is 
required for dead reckoning in the rat. J Neurosci 22:10009-10017. 
Wan Q, Kuang E, Dong W, Zhou S, Xu H, Qi Y, Liu Y (2007) Reticulon 3 mediates 
Bcl-2 accumulation in mitochondria in response to endoplasmic reticulum 
stress. Apoptosis 12:319-328. 
Wang F, Zhu Y (2008) The interaction of Nogo-66 receptor with Nogo-p4 
inhibits the neuronal differentiation of neural stem cells. Neuroscience 
151:74-81. 
Wang KC, Koprivica V, Kim JA, Sivasankaran R, Guo Y, Neve RL, He Z (2002a) 
Oligodendrocyte-myelin glycoprotein is a Nogo receptor ligand that inhibits 
neurite outgrowth. Nature 417:941-944. 
Wang X, Chun SJ, Treloar H, Vartanian T, Greer CA, Strittmatter SM (2002b) 
Localization of Nogo-A and Nogo-66 receptor proteins at sites of axon-
myelin and synaptic contact. J Neurosci 22:5505-5515. 
Wang Z, Edwards JG, Riley N, Provance DW, Jr., Karcher R, Li XD, Davison IG, 
Ikebe M, Mercer JA, Kauer JA, Ehlers MD (2008) Myosin Vb mobilizes 
recycling endosomes and AMPA receptors for postsynaptic plasticity. Cell 
135:535-548. 
Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT (2004) Prediction and 
functional analysis of native disorder in proteins from the three kingdoms of 
life. J Mol Biol 337:635-645. 
Webb DJ, Zhang H, Majumdar D, Horwitz AF (2007) alpha5 integrin signaling 
regulates the formation of spines and synapses in hippocampal neurons. J 
Biol Chem 282:6929-6935. 
Westerhout EM, Berkhout B (2007) A systematic analysis of the effect of target 
RNA structure on RNA interference. Nucleic Acids Res 35:4322-4330. 
Whitford KL, Marillat V, Stein E, Goodman CS, Tessier-Lavigne M, Chedotal A, 
Ghosh A (2002) Regulation of cortical dendrite development by Slit-Robo 
interactions. Neuron 33:47-61. 
Wiessner C, Bareyre FM, Allegrini PR, Mir AK, Frentzel S, Zurini M, Schnell L, 
Oertle T, Schwab ME (2003) Anti-Nogo-A antibody infusion 24 hours after 
experimental stroke improved behavioral outcome and corticospinal 
158 
 
 
plasticity in normotensive and spontaneously hypertensive rats. J Cereb 
Blood Flow Metab 23:154-165. 
Willi R, Aloy EM, Yee BK, Feldon J, Schwab ME (2009) Behavioral 
characterization of mice lacking the neurite outgrowth inhibitor Nogo-A. 
Genes Brain Behav 8:181-192. 
Willi R, Weinmann O, Winter C, Klein J, Sohr R, Schnell L, Yee BK, Feldon J, 
Schwab ME (2010) Constitutive genetic deletion of the growth regulator 
Nogo-A induces schizophrenia-related endophenotypes. J Neurosci 30:556-
567. 
Wittenmayer N, Korber C, Liu H, Kremer T, Varoqueaux F, Chapman ER, Brose 
N, Kuner T, Dresbach T (2009) Postsynaptic Neuroligin1 regulates 
presynaptic maturation. Proc Natl Acad Sci U S A 106:13564-13569. 
Wojcik S, Engel WK, Yan R, McFerrin J, Askanas V (2007) NOGO is increased 
and binds to BACE1 in sporadic inclusion-body myositis and in A beta PP-
overexpressing cultured human muscle fibers. Acta Neuropathol 114:517-
526. 
Woolf CJ (2003) No Nogo: now where to go? Neuron 38:153-156. 
Wright KT, El Masri W, Osman A, Roberts S, Chamberlain G, Ashton BA, 
Johnson WE (2007) Bone marrow stromal cells stimulate neurite outgrowth 
over neural proteoglycans (CSPG), myelin associated glycoprotein and 
Nogo-A. Biochem Biophys Res Commun 354:559-566. 
Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT, Paulson HL, Yang L, 
Kotin RM, Davidson BL (2004) RNAi suppresses polyglutamine-induced 
neurodegeneration in a model of spinocerebellar ataxia. Nat Med 10:816-
820. 
Xiong NX, Pu JZ, Zhao HY, Zhang FC (2008) Effect of Nogo-A gene inhibition on 
dopamine release in PC12 cells. Neuro Endocrinol Lett 29:884-888. 
Xu H, Zhou Q, Liu X, Qi YP (2006) Co-involvement of the mitochondria and 
endoplasmic reticulum in cell death induced by the novel ER-targeted 
protein HAP. Cell Mol Biol Lett 11:249-255. 
Xu J, Xiao N, Xia J (2010) Thrombospondin 1 accelerates synaptogenesis in 
hippocampal neurons through neuroligin 1. Nat Neurosci 13:22-24. 
159 
 
 
Yashiro K, Philpot BD (2008) Regulation of NMDA receptor subunit expression 
and its implications for LTD, LTP, and metaplasticity. Neuropharmacology 
55:1081-1094. 
Yuste R (2010) Dendritic Spines. Cambridge, MA: MIT Press. 
Yuste R, Bonhoeffer T (2001) Morphological changes in dendritic spines 
associated with long-term synaptic plasticity. Annu Rev Neurosci 24:1071-
1089. 
Zagrebelsky M, Schweigreiter R, Bandtlow CE, Schwab ME, Korte M (2010) 
Nogo-A stabilizes the architecture of hippocampal neurons. J Neurosci 
30:13220-13234. 
Zamanian-Daryoush M, Der SD, Williams BR (1999) Cell cycle regulation of the 
double stranded RNA activated protein kinase, PKR. Oncogene 18:315-326. 
Zhang H, Macara IG (2008) The PAR-6 polarity protein regulates dendritic spine 
morphogenesis through p190 RhoGAP and the Rho GTPase. Dev Cell 
14:216-226. 
Zhang H, Webb DJ, Asmussen H, Niu S, Horwitz AF (2005) A 
GIT1/PIX/Rac/PAK signaling module regulates spine morphogenesis and 
synapse formation through MLC. J Neurosci 25:3379-3388. 
Zolotukhin S, Byrne BJ, Mason E, Zolotukhin I, Potter M, Chesnut K, 
Summerford C, Samulski RJ, Muzyczka N (1999) Recombinant adeno-
associated virus purification using novel methods improves infectious titer 
and yield. Gene Ther 6:973-985. 
Zorner B, Schwab ME (2010) Anti-Nogo on the go: from animal models to a 
clinical trial. Ann N Y Acad Sci 1198 Suppl 1:E22-34. 
 
160 
VITA 
Alicia Case was born on January 19, 1981 in Battle Creek, Michigan to 
Michael and Ursula Case.  She completed her secondary education at St. Philip 
High School (Battle Creek, MI) in 1999, and then studied at Aquinas College in 
Grand Rapids, MI.  There, she majored in Biology with an emphasis in 
Chemistry, and was a Teaching Assistant for general chemistry courses.  After 
graduation in May 2003, she was employed as a laboratory technician at Mead 
Johnson Nutritionals in Zeeland, MI. 
In August of 2005, Alicia entered the graduate program in Neuroscience at 
Loyola University Chicago.  In spring of 2006, she joined the laboratory of Dr. 
Wendy Kartje at Edward Hines, Jr. VA Hospital to investigate the effect of 
neuronal Nogo-A on properties of the excitatory synapse.  While at Loyola, she 
served on the Graduate Student Committee as Program Representative for three 
years and Treasurer for one.  She has presented her work at local Chicago 
Chapter meetings as well as national meetings for the Society for Neuroscience.  
Alicia is currently a student member of the American Association for the 
Advancement of Sciences and the Society for Neuroscience.   
After obtaining her Ph.D, Alicia plans to join the laboratory of Dr. Michelle 
Hastings at Rosalind Franklin University.  There, she will work as a Postdoctoral 
Fellow to examine treatments for RNA splicing errors in neurological disorders. 
